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GENERAL INTRODUCTION 
The exocrine pancreas secretes a fluid which contains proteins 
and electrolytes dissolved in water. Two different types of cells 
are responsible for this process: the acinar cells and the 
ductular cells. The acinar cells produce and secrete the digestive 
proteins, while the ductular cells secrete water and electrolytes. 
This statement is, however, an oversimplification, since some years 
ago evidence has been obtained that at least in some species 
acinar cells are also able to secrete fluid. In this study we have 
tried to investigate the mechanism of secretion of water and of 
electrolytes as well as small non-electrolytes in the isolated 
rabbit pancreas. 
Chapter 3 describes what happens to the rate of fluid secretion 
and to the composition of the fluid, when external sodium is re-
placed by several other substances. It is concluded that sodium 
and potassium ions appear in the secreted fluid through a para-
cellular route. In chapter 4 a model is presented for pancreatic 
fluid secretion representing the results of chapter 3 as well as 
the effects of several drugs on pancreatic fluid secretion. In 
chapter 5 quantitative data on the permeability of the para-
cellular route for calcium and magnesium ions are presented and 
the effects of stimulation with carbachol and pancreozymin on this 
permeability. The permeability of the pancreatic epithelium for 
several non-electrolytes has been determined by means of a tracer 
method (ch. 6 ) . The permeability of sucrose after stimulation of 
the pancreatic enzyme secretion by different doses of carbachol 
has been studied extensively. In connection with this, a possible 
explanation for the permeability increase after cholinergic or 
hormonal stimulation of pancreatic enzyme secretion is given in 
chapter 7. Chapter 8 describes the effects of the pH and of 
several drugs on the epithelial permeability and the rate of fluid 
secretion of the isolated rabbit pancreas. In chapter 9 an 
alternative method for the determination of the epithelial per-
meability for some substances, the osmotic method, has been 
compared with the tracer method. Chapter 10 offers a critical 
discussion of the results presented in the previous chapters. 
XIII 

CHAPTER 1. INTRODUCTION 
1.1 Pancreas structure and function 
The major part of the pancreas consists of exocrine tissue, 
while only about 3% represents endocrine tissue (Bolender, 1974; 
Kempen et al., 1977^) delivering its products (insulin, glucagon, 
somatostatin) directly to the blood. The exocrine tissue 
secretes its products via a ductular system into the duodenum. 
The exocrine pancreas performs two functions: to alkalinize the 
acid food mass coming from the stomach and to secrete the 
digestive enzymes required for food degradation. The structure of 
the exocrine tissue has been established in detail in the last 
25 years (Sjöstrand and Hanzon, 1 9 5 4
а >
ь ; Ekholm et al., 1 9 6 2
а >
ь ; 
Palade et al., 1962; Kern and Ferner, 1971; Motta et al., 1977; 
Katsuyama et al., 1977). It consists of three types of cells: 
acinar, centroacinar and ductular cells. The centroacinar cells 
are located adjacent to and between the acinar cells, but this 
function seems to be the same as that of the ductular cells. 
The acinar cells, which synthesize and secrete the digestive 
enzymes, account for the major part of the pancreatic volume 
(about 8 0 % ) , while the ductular cells comprise only about 3% of 
the total pancreatic volume (Hegre et al., 1972; Bolender, 1974). 
The acinar cell consists mainly of cytoplasm (about 50% of the 
cell v o l u m e ) , which contains the zymogen granules (6-20% of the 
cell volume) while the remaining part is occupied by mitochondria, 
nucleus and rough endoplasmatiс reticulum (Nevalainen, 1970; 
Bolender, 1974). The zymogen granules are located near the 
apical side of the cell adjacent to the lumen, in which the 
digestive enzymes present in the zymogen granules are poured out. 
A number of cells are grouped together in an acinus (f i g . 1 . 1 ) : 
the apical membranes of the acinar cells form the inner wall of 
a spherical structure, while the basal membranes comprise the 
outer wall. From this spherical cluster of cells a ductulus 
emerges through which the secretory products move out. The 
ductulus consists at the beginning of centroacinar cells, still 
located within the cluster and along its length of ductular 
cells. These cells are smaller than the acinar cells, have fewer 
1 
-щ 
Щ 
Fig. 1.1 Ultrastruature of exocrine pancreas of the rabbit in 
the resting state. 
ZG: zymogen granula; TJ: tight ¿unction; L: lumen; A: acinar cell; 
D: duatular cell (5200 x). 
Courtesy of Dr. A.M. Stadhouders, Department of Submicrosaopia 
Morphology, University of Nijmegen. 
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mitochondria, contain no zymogen granules and have a poorly 
developed endoplasmatiс reticulum and Golgi complex (Ekholm et 
al., 1 9 6 2 b ) . 
Several acini with ductuli form a lobule with a central duct. 
These central ducts from the lobules fuse into one or two 
(depending on the species) main ducts, which are surrounded by 
smooth muscle (Garrett et al., 1973) and which enter the 
duodenum. This acinar arrangement of the pancreas has been called 
in doubt in a recent publication of Boekman (1976). He believes 
that the acinar cells simply form the blind endings of a branching 
mass of tubules. 
The cells which form the pancreatic epithelium are linked 
together by an elaborate junctional complex which includes a 
number of different structural elements: the zonula occludens 
(tight j u n c t i o n ) , the zonula adhaerens (intermediate junction) 
and the macula adhaerens (desmosome). The tight junction is the 
most important barrier in the extracellular or paracellular 
route. In the epithelium of tubular structures in the body, the 
junctions are mostly arranged as continuous beltlike structures, 
localized at the apical margins of the cells (Meldolesi et al., 
1 9 7 8 ) . 
The secretion of fluid by the ductular cells and of digestive 
enzymes by the acinar cells is regulated by neural and hormonal 
control mechanisms. Food ingestion provides the normal neural 
stimulus for secretion, which is mediated by acetylcholine 
released from the nervus vagus. In addition, the hormones 
pancreozymin and secretin, released by the duodenal mucosal 
cells, play a role in triggering the secretion when they reach 
the pancreas through the Ы o o d c i r c u l a t i o n . 
1.2 Secretion of digestive enzymes 
The proteins in the fluid secreted by the exocrine pancreas 
derive from the acinar cells and are all digestive enzymes, mainly 
hydrolytic enzymes or their zymogens (Palade et al., 1962; 
Greene et al., 1963). They are synthesized in the acinar cell, 
whence they are secreted into the acinar lumen. 
The morphological features of this intercellular process have 
3 
been studied intensively by Palade and his associates 
(Palade et al., 1962; Caro and Palade, 1964; Ichikawa, 1965; 
Jamieson and Palade, 1967, . ) . It is a process with a number of 
α j D 
logical successive steps. The ribosomes are the site of ( p r e ) -
enzyme synthesis, after which the enzyme molecules are transported 
to the lumen of the rough endoplasmatiс reticum cisternae and 
from there to the Golgi-compi ex. In the latter intracellular 
structure the addition of terminal sugars, possibly through 
specific enzymes (Vblkl et al., 1978) takes place. Divalent 
cations, calcium and magnesium, are also sequestered at this 
stage (Schreurs et al., 1979). In the Golgi-compi ex the proteins 
are further concentrated, finally resulting in the formation of 
the zymogen granules which are stored near the apical side of the 
cell. From there, after stimulation of the acinar cell, they are 
discharged to the acinar lumen by the process of exocytosis. 
Besides this "cisternal packaging exocytosis"-theory of 
Palade and collaborators, there is another one, the equilibration 
hypothesis of Rothman (1975). In this model, the synthesized 
proteins would move bidi rectionally through specialized membranes 
so that they are in equilibrium between the various compartments 
of the cell. The cytoplasm would thus be the mixing chamber from 
which the enzymes move directly to the lumen upon stimulation. 
The difference between the two models is clear, but which is 
the correct model? As Case (1978
a
)correctly points out in his 
review: in both models there are illogical and unproven steps. 
Most arguments are against Rothman's model, but this does not 
definitely rule out this model. 
1.3 Regulation of enzyme secretion 
The amounts of the enzymes which are secreted by the pancreas 
into the duodenum are not constant. In the resting state of the 
pancreas during a period of fasting there is some secretion, but 
the rate is very low. The normal physiological stimulants of 
enzyme secretion are the neurotransmitter acetylcholine and the 
hormone pancreozymin. Liberation of acetylcholine is the result 
of stimulation of the vagus nerve. Pancreozymin is liberated 
from the duodenal mucosa, when food passes the pylorus into the 
4 
duodenum (Wang and Grossman, 1951). These two stimulants act 
independently of each other on the serosal (or basal) membrane 
of the acinar cell. Atropine and 3-quinucí idinyl benzilate, which 
inhibit the cholinergic response, do not influence the effect 
of pancreozymin (Case and Clausen, 1973; Mo risset and Poirier, 
1977). 
Pancreozymin is a polypeptide consisting of 33 amino acids 
(Mutt and Jorpes, 1967). The biological activity of this hormone 
resides in the last 8 C-terminal amino acids (Ondetti, 1970). 
The latter octapeptide is about twice as potent on a molar basis 
as the native hormone (Grossman, 1976). A recent interesting 
observation is that this octapeptide occurs in the brain of man 
and other mammals (Muller et al., 1977; Robberecht et al., 1978; 
Dockray et al., 1978). The physiological significance of this 
fact is not known, but possibly the peptide resembles a negative 
feed-back mechanism from the gas tro-intesti nal tract.(Gibbs et 
al . , 1973). 
Secretin, a hormone which also derives from the duodenal 
mucosa and which primarily increases the pancreatic fluid 
secretion, has also been shown to stimulate enzyme release in 
guinea pig pancreas (Gardner and Jackson, 1977). The activity 
of secretin in stimulating enzyme secretion is, however, strongly 
species-dependent (De Pont et al., 1979). In recent years other 
peptides have been discovered, which cause enzyme secretion. 
Caerulein, a deca-peptide isolated from the skin of the 
Australian amphibian Hyla caurulea (Anastasi et al.,1967), which 
is strongly similar to the C-terminal octapeptide of pancreozymin, 
is also more potent in triggering enzyme secretion than 
pancreozymin (Dockray, 1972). Non-pancreozymin-1ike peptides 
(bombesin, litorin, physalaemin) from the skin of various frogs 
can potentiate a chain of reactions which finally leads to 
fusion of the zymogen granule membrane with the luminal plasma 
membrane (May et al., 1978; Jensen et al., 1978). 
1.4 Stimulus-secretion coupling in enzyme secretion 
In the preceding sections it is shown that a neural or 
hormonal stimulant acts on the serosal membrane of the acinar 
c e l l , which r e s u l t s i n a r e l e a s e of enzymes at the o t h e r s i d e of 
the c e l l ( a p i c a l s i d e ) . The i n t r a c e l l u l a r process which mediates 
the s i g n a l o f the s t i m u l a n t i s u s u a l l y c a l l e d s t i m u l u s - s e c r e t i o n 
c o u p l i n g . The most i m p o r t a n t f a c t o r s i n t h i s process seem to be 
c a l c i u m and c y c l i c n u c l e o t i d e s , on which we s h a l l f i x our 
a t t e n t i on. 
There i s a c l e a r case f o r an i m p o r t a n t r o l e o f c a l c i u m i n 
s t i m u l u s - s e c r e t i o n c o u p l i n g . I t has been shown f o r a l o n g t i m e 
t h a t i n the absence of c a l c i u m the basal and s t i m u l a t e d enzyme 
s e c r e t i o n are d i m i n i s h e d ( H o k i n , 1966; Robberecht and C h r i s t o p h e , 
1 9 7 1 ; A r g e n t e t a l . , 1973; Case and C l a u s e n , 1973; Petersen and 
Ueda, 1976; Kanno and Yamamoto, 1977). Th is c a l c i u m dependence 
may, however, be r e q u i r e d f o r maintenance o f membrane i n t e g r i t y , 
s i n c e s h o r t i n c u b a t i o n s w i t h cal c i u m - f r e e , EGTA-conta in ing media 
do not p r e v e n t the i n i t i a t i o n o f the enzyme s e c r e t i o n (Case and 
C l a u s e n , 1973; Schreurs e t a l . , 1976
ь
 ) ; P e t e r s e n and Ueda, 1976). 
Magnesium does not p l a y an i m p o r t a n t r o l e , because i n the 
2 + absence of Mg f r o m the i n c u b a t i o n medium no i n h i b i t i o n of 
enzyme r e l e a s e can be d e t e c t e d ( A r g e n t e t a l . , 1973; W i l l i a m s and 
C h a n d l e r , 1975). 
When fragments of the pancreas are preloaded with Ca, addition 
45 
of acetylcholine or pancreozymin results in a release of Ca 
(Case and Clausen, 1973; Schreurs et a l . , 1 9 7 5 ) . This suggests 
that Ca is released from an intracellular pool. When isolated 
acinar cells are incubated in a ^^Ca-containing medium until the 
steady state level is reached, addition of pancreozymin or 
45 
acetylcholine results in a lowering of the Ca level in the 
cells, again indicating a release of calcium from an intra­
cellular pool (Gardner et al., 1975; Renckens et a l . , 1 9 7 8 ) . 
However, the question remains which calcium pool is responsible 
for the increased intracellular calcium concentration. M o r e o v e r , 
there are indications that there is also an increase in the 
permeability of the plasma membrane for calcium after stimulation 
(Kondo and Schulz, 1976; Renckens et a l . , 1 9 7 8 ) . This increase 
may reflect the refilling of the intracellular pool. The calcium 
fluxes are specific for this ion, since pancreatic fragments 
loaded with Mg do not show a carbamylcholine-induced release 
of 2 8 M g (Schreurs et al., 1 9 7 6 b ) . 
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er 
does not lead to a s t i m u l a t i o n o f enzyme s e c r e t i o n (Kempen e t a l . , 
1975; Smith and Case, 1975). T h i s makes a p r i m a r y , r a t e - l i m i t i n g 
r o l e o f c y c l i c AMP i n pan с re о z y m i n _ s t i mul a t e d enzyme s e c r e t i o n 
u n l i k e l y , a l t h o u g h a secondary r o l e cannot be e x c l u d e d . De Pont 
e t a l . ( 1 9 7 9 ) have suggested t h a t c y c l i c AMP m i g h t p l a y a r o l e i n 
s e c r e t i n - s t i m u l a t e d enzyme s e c r e t i o n i n those s p e c i e s where t h i s 
s t i m u l u s has an e f f e c t on enzyme s e c r e t i o n . 
Upon c h o l i n e r g i c or hormonal s t i m u l a t i o n t h e r e i s a c l e a r 
i n c r e a s e i n c e l l u l a r c y c l i c GMP l e v e l s (Robberecht e t a l . , 1974; 
C h r i s t o p h e e t a l . , 1 9 7 6
ь
; Albano e t a l . , 1976; Kapoor and K r i s h n a , 
1976, 1 9 7 8 ) , which i s l i k e l y t o be due t o the i n c r e a s e d i n t r a ­
c e l l u l a r c a l c i u m c o n c e n t r a t i o n f o l l o w i n g s t i m u l a t i o n ( C h r i s t o p h e 
e t a l . , 1976. ). This i n c r e a s e i n c y c l i c GMP l e v e l i s i n d e p e n d e n t 
o f the e x t r a c e l l u l a r c a l c i u m l e v e l ( C h r i s t o p h e e t a l . , 1976. ; 
L o p a t i n and G a r d n e r , 1 9 7 8 ) , s u p p o r t i n g the f i n d i n g t h a t c a l c i u m 
l i b e r a t e d from an i n t r a c e l l u l a r s t o r e i s r e s p o n s i b l e f o r the 
t r a n s i e n t i n c r e a s e i n c y c l i c GMP l e v e l . Recent o b s e r v a t i o n s o f 
Günther and Jamieson ( 1 9 7 9 ) , who use substances which e l e v a t e 
i n t r a - a c i n a r c y c l i c GMP l e v e l s w i t h o u t caus ing p r o t e i n d i scha rge 
and substances which cause enzyme re l ease w i t h o u t e l e v a t i n g 
c e l l u l a r c y c l i c GMP l e v e l s , make a d i r e c t r o l e o f c y c l i c GMP 
i n s t i m u l u s - s e c r e t i o n c o u p l i n g d o u b t f u l . 
How the i n c r e a s e d ca l c ium and p o s s i b l y e l e v a t e d c y c l i c AMP or 
GMP l e v e l s i n i t i a t e e x o c y t o s i s i s s t i l l an open q u e s t i o n . In r a t 
mast c e l l t he re i s a ca lc ium-dependen t p r o t e i n p h o s p h o r y l a t i o n , 
which may be i n v o l v e d i n s t i m u l u s - s e c r e t i o n c o u p l i n g i n the 
l a t t e r system ( S i e g h a r t e t a l . , 1978) . Such a mechanism cou ld 
a l so be p resen t i n the p a n c r e a t i c a c i n a r c e l l . 
1.5 R e g u l a t i o n o f p a n c r e a t i c f l u i d s e c r e t i o n 
In most mammals p a n c r e a t i c f l u i d s e c r e t i o n i s evoked by the 
hormone s e c r e t i n . Th is pep t i de hormone f rom p i g has a s i n g l e 
p e p t i d e cha in o f 27 amino ac ids (Mut t and J o r p e s , 1966) . I t i s 
l i b e r a t e d f rom the duodenal mucosa upon a c i d i f i c a t i o n o f the 
duodenum by the food mass e n t e r i n g f rom the stomach and i s then 
t r a n s p o r t e d by the b lood to the pancreas . The p e p t i d e hormone 
pancreozymin i s a l so able to evoke f l u i d s e c r e t i o n i n some 
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species: in the dog (Henriksen, 1968) and particularly in the 
rat (Dockray, 1972; Sewell and Young, 1975), but not in the cat 
(Brown et al., 1967). 
Some years ago another polypeptide has been isolated from the 
small intestine of pig(Said and Mutt, 1970): vasoactive intestinal 
polypeptide (VIP). This is an octacosapeptide with a structural 
similarity to secretin (Said and Mutt, 1972; Mutt and Said, 1974). 
This peptide stimulates pancreatic fluid secretion in a secretin-
like manner, though much higher doses are required (Jensen et al., 
1978; Domschke et al., 1977; Said and Mutt, 1972; Konturek 
et al., 1976 ). Nothing is known about the interaction of VIP 
and secretin on the pancreatic ductular cell. The acinar cell, 
however, seems to possess different receptors for VIP and 
secretin: one with a high affinity for secretin and a low one for 
VIP and the other one with reversed affinities (Christophe et 
al., 1976 : Robberecht et al., 1976; Gardner et al., 1976; 
α 
Gardner et al. , 1977). 
Still another polypeptide has been isolated from stomach, 
duodenum and pancreas as well as from the hypothalamus: the 
tetradecapeptide somatostatin (Arimura, 1975). The effects on 
secreti η-evoked fluid secretion are somewhat unclear: in cat 
(Albinus et al., 1977), rat (Fölsch et al., 1978) and pig 
(Polak et al., 1975) no effects on fluid secretion are observed, 
while in dog (Konturek et al., 1976 b; Boden et al., 1975) and 
man (Creutzfeldt, 1976) somatostatin inhibits the secretin-
stimulated pancreatic fluid flow. Where somatostatin inhibits 
the secreti η-evoked pancreatic fluid and bicarbonate secretion, 
this probably occurs by inhibiting the release of secretin from 
the duodenal mucosa (Hanssen et al., 1977; Boden et al., 1975). 
In turn, the release of somatostatin is probably regulated by 
VIP (Ipp et al., 1978), but the exact mechanism is not known. 
1.6 Site of secretion and ionic composition of the pancreatic 
fluid 
J. 6.1 Introduction 
In addition to proteins there are a number of electrolytes 
present in pancreatic fluid. The osmolarity of pancreatic fluid 
is equal to that of plasma or of the medium in which the pancreas 
is perfused or bathed (De Zilwa, 1904; Gilman and Cowgill, 1933; 
Case et al., 1968; Rothman and Brooks, 1965 a). 
The exocrine part of the pancreas, as has been mentioned 
before, consists of acini with transporting ductuli (intra-
lobular ducts), grouped together in lobules with a central 
transporting duct (extra-1obular duct). The extra-1obular ducts 
converge into a main duct leading to the intestine. This system 
is responsible for secreting and transporting of both proteins 
and f1 ui d. 
Secretin administration results in a bicarbonate-rich 
secretory fluid. The application of micropuncture and micro-
perfusion techniques has shown that the intra- and extra-lobular 
ducts are responsible for this type of fluid secretion (Schulz 
et al., 1969; Swanson and Solomon, 1973). In addition pancreozymin 
leads to a chi ori de-rich secretory fluid which originates from 
the acinar-intercalated duct region, probably from the acinar 
cells (Dockray, 1972; Sewell and Young, 1975; Petersen and Ueda, 
1976). Micropuncture studies have shown in the cat pancreas the 
chloride concentration in this region is about 120 mM (Lightwood 
and Reber, 1977). The contribution of the latter secretion to the 
total secretory fluid is small in some species like cat, whereas 
in other species like rat its contribution is large. The main 
duct has an exchange function, through which the anion composition 
of the secretory fluid can be changed (Schulz et al., 1969; 
Swanson and Solomon, 1973; Mangos and McSherry, 1971). 
The isolated rabbit pancreas, which is the preparation used 
in this study, has a relatively high fluid secretion in the 
absence of secretin. The bicarbonate content of 90-110 mM 
(Ridderstap, 1969. ; Swanson and Solomon, 1975) suggests that the 
secretory fluid originates from both cell types. 
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1.6.2 Sodium and potassium in the secreted fluid 
The sodium and potassium concentrations in the final secreted 
fluid are always equal to or slightly higher than those in the 
external medium, independent of the preparation or the hormone 
used (Case et al., 1968; Ball and Johnstone, 1930; Mangos and 
McSherry, 1971; Rothman and Brooks, 1965,; Ridderstap and Bonting, 
α 
1969b);Sewel1 and Young, 1975). This excess may compensate for the 
osmotic contribution of glucose, calcium, magnesium and phosphate 
ions, for which the pancreas is relatively impermeable (Solomon, 
1952; Schreurs et al., 1975; 1976 b). 
Micropuncture studies have established that the sodium and 
potassium concentrations do not change from the point of origin, 
the acinar lumen, to the final secreted fluid reaching the 
duodenum, not even after secretin stimulation (Mangos and 
McSherry, 1971; Mangos et al., 1973; Swanson and Solomon, 1973). 
1.6.Ζ Chloride and bicarbonate in the secreted fluid 
Chloride and bicarbonate are the major anions in pancreatic 
fluid. Their sum is always roughly equal to that of the sodium 
and potassium concentrations (Case et al., 1968; Swanson and 
Solomon, 1973). The concentration of both anions mainly depends 
on two factors: a) the relative contribution of the chloride-
rich secretion from the acinar cells and the bicarbonate-ri eh 
secretion from the ductular cells, which depends on the species; 
b) the rate of fluid secretion, which determines the extent to 
which the chloride-bicarbonate exchange system in the duct 
modifies the composition. At decreasing secretory rate the 
chloride concentration in the secreted fluid generally in­
creases, whereas the bicarbonate concentration decreases when 
secretin is present (Schulz et al., 1969; Case et al., 1968, 1969; 
Swanson and Solomon, 1973; Sewel1 and Young, 1975). The anion 
composition of a pancreozymiη-induced secretory fluid does not 
change with the secretory rate (Sewell and Young, 1975). Opposite 
results found by Mangos and co-workers (Mangos and McSherry, 
1571, 1973; Mangos et al., 1974) can be attributed to their use 
of impure secretin preparations which contain pancreozymin and to 
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the s h o r t e r i n v i v o h a l f - l i f e o f the l a t t e r hormone (Sewel l and 
Young, 1 9 7 5 ) . 
1.6.4 Calcium and magnesium in secreted fluid 
The d i v a l e n t c a t i o n s i n the s e c r e t e d f l u i d o r i g i n a t e from two 
s o u r c e s : a p r o t e i n - d e p e n d e n t component and a f l u x which i s i n ­
dependent o f the amount o f s e c r e t e d p r o t e i n ( S c h r e u r s e t a l . , 
1 9 7 6 , ) . The l a t t e r component e n t e r s the s e c r e t e d f l u i d v i a an 
e x t r a c e l l u l a r r o u t e , and the c o n c e n t r a t i o n s i n the s e c r e t e d 
f l u i d are always lower than those i n the e x t e r n a l medium 
(Goebel l e t a l . , 1972; Argent e t a l . , 1973; Schreurs e t a l . , 
1975, 19765)·υροη s t i m u l a t i o n o f the p r o t e i n s e c r e t i o n w i t h 
a c e t y l c h o l i n e or pancreozymin the p e r m e a b i l i t y o f the e x t r a ­
c e l l u l a r r o u t e i s i n c r e a s e d , r e s u l t i n g i n h i g h e r c o n c e n t r a t i o n s 
of c a l c i u m and magnesium i n the s e c r e t e d f l u i d ( S c h r e u r s e t a l . , 
1975, 1 9 7 6 b ) . M a n n i t o l can a l s o pass the b l o o d - l u m e n b a r r i e r 
( S c h r e u r s e t a l . , 1 9 7 5 ) , but lanthanum ions ( F r i e n d and G i l u l a , 
1 9 7 2 ) , f e r r i t i n (Geuze and P o o r t , 1973) and h o r s e r a d i s h p e r o x i d a s e 
(Papp e t a l . , 1976) are unable t o do t h i s i n the r e s t i n g g l a n d . 
1.7 The i m p o r t a n c e o f Na , К , HCtn and Cl~ f o r p a n c r e a t i c f l u i d 
s e c r e t i on 
1.7.1 Experimental approaches 
For s t u d i e s o f the i o n i c r e q u i r e m e n t s f o r f l u i d s e c r e t i o n , 
an i s o l a t e d b a t h e d or p e r f u s e d organ must be used. The most 
s u i t a b l e t y p e o f p r e p a r a t i o n f o r t h i s t y p e o f s t u d y i s the 
i s o l a t e d r a b b i t pancreas as d e s c r i b e d by Rothman (1964) or the 
i s o l a t e d c a t pancreas as d e s c r i b e d by Case e t a l . ( 1 9 6 8 ) . By 
measur ing the f l o w r a t e w h i l e v a r y i n g the i o n i c c o m p o s i t i o n o f 
the b a t h i n g or p e r f u s i o n medium the i o n i c r e q u i r e m e n t s f o r f l u i d 
s e c r e t i o n can be e l u c i d a t e d . The r e s u l t s d e s c r i b e d below have 
been o b t a i n e d w i t h these p r e p a r a t i o n s and r e p r e s e n t e i t h e r the 
s e c r e t i η-dependent or the mixed t y p e s e c r e t i o n . Some p r o p e r t i e s 
o f the pancreozymiη-dependent s e c r e t i o n w i l l be d e s c r i b e d i n 
s e c t i o n 1.9. 
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1.7.2 Sodivm requirement 
In view of the high sodium concentration in the secreted fluid 
and the involvement of the Na -K -activated ATPase in pancreatic 
fluid secretion (see section 1.8), it was suggested that sodium 
is actively secreted (Ridderstap and Bonting, 1969 . ; Case and 
Scratcherd, 1974). Lowering the sodium concentration in the 
external medium by isosmotic replacement with sucrose results in a 
decreased rate of fluid secretion (Case et al., 1968; Rothman and 
Brooks, 1965. ; Ridderstap and Bonting, 1969. ; Swanson and Solomon, 
1975). The observation of Case and Scratcherd (1974) that there 
is still some fluid secretion left when all sodium is replaced 
with lithium and that the lithium concentration in the secreted 
fluid is always equal to or somewhat higher than that in the 
medium, suggests, however, that sodium is not absolutely 
essential for fluid secretion. 
1.7.Ζ Pctassium requirevent 
Omission of potassium results in a decreased rate of fluid 
secretion, but potassium can be replaced by rubidium (Case and 
Scratcherd, 1974). The reduction of fluid secretion in a 
potass i um-free medium can be explained by the need of potassium 
for the activity of the Na -K -activated ATPase. The equality 
of the potassium concentration in secreted fluid and external 
medium strengthens the case for a secondary role of potassium 
in pancreatic fluid secretion. 
1.7.4 Chloride requirement 
Chloride is generally assumed to enter the pancreatic fluid 
passively, using either trans- or intracellular pathways or both. 
Total replacement of chloride by bromide or nitrate in the medium 
has no effect on fluid secretion. However, total replacement of 
chloride with isethionate inhibits the rate of fluid secretion by 
70% (Case et al., 1979). In this case higher concentrations of 
bicarbonate appear in the secreted fluid, dependent on the degree 
of inhibition of fluid secretion. This indicates that an extra-
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cellular source of permeant anions is required for optimal 
pancreatic fluid secretion. 
1.7.5 Bicarbonate requirement 
Lowering the bicarbonate concentration in the external medium 
results in a concomitant decrease of the rate of pancreatic 
fluid secretion (Case et al., 1970; Schulz et al., 1971
a
; 
Swanson and Solomon, 1975). Adding labeled bicarbonate to the 
external medium shows its prompt appearance in the secreted fluid 
(Case et al., 1970), which suggests an important role of external 
bicarbonate in fluid secretion. This is further indicated by the 
observation that metaboli cally available CO^ can maximally 
account for only 20% of the secreted bicarbonate (Ball et al., 
1941). 
It appears that several other weak acids can take over the role 
of bicarbonate, in order of effect iveness: acetate > prop i onate > 
butyrate> formate (Swanson and Solomon, 1975; Case et al., 1979). 
Even the non-carboxyli с acids s ui famerazine and glycodiazine can 
act as substitutes for bicarbonate (Schulz et al., 1971 . ) . 
a , о 
Thus i t seems t h a t the anion of a weak a c i d i s a p r i m a r y 
r e q u i r e m e n t f o r f l u i d s e c r e t i o n . This i m p l i e s t h a t t h i s u n d i s -
s o c i a t e d a c i d passes the a p i c a l membrane p a s s i v e l y , b u t t h a t the 
r a t e - d e t e r m i n i n g s teps f o r f l u i d s e c r e t i o n are l o c a t e d i n the 
c e l l . 
1.8 Proposed c a r r i e r s and enzymes i n v o l v e d i n f l u i d s e c r e t i ο η 
R i d d e r s t a p and B o n t i n g (1969, ) showed t h a t the a d d i t i o n o f 
ouabain t o the b a t h i n g medium o f the i s o l a t e d r a b b i t pancreas 
causes i n h i b i t i o n o f f l u i d s e c r e t i o n . Th is has been c o n f i r m e d by 
o t h e r i n v e s t i g a t o r s ( G u e l r u d e t a l . , 1972; Case and S c r a t c h e r d , 
1974; Swanson and Solomon, 1975). 
R e c e n t l y the enzyme has been l o c a l i z e d i n c a t pancreas by 
3 
means of a u t o r a d i o g r a p h y . Η-Ouabain b i n d i n g s i t e s are p r e s e n t i n 
the whole plasma membrane of the a c i n a r and the d u c t c e l l s , w i t h 
the h i g h e s t c o n c e n t r a t i o n i n the c e l l s l i n i n g the f i r s t p a r t o f 
the d u c t system (Poulsen e t a l . , 1979). Th is l o c a l i z a t i o n o f the 
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N a + - K + - A T P a s e system would go along with a role of the ductal 
cells in fluid secretion. 
Although Na -K -ATPase is normally present in all animal 
cells, its presence in the acinar cells may mean that these cells 
also secrete fluid, as is indeed the case (section 1 . 9 . 2 ) . For 
ductular fluid secretion the presence of a CO-ZHCO^-buffer is 
required, and in section 1.7.5 evidence for an active bicarbonate 
transport has been described. Stimulation with secretin causes 
hyperpol arization of the cell membrane, which appears to facilitate 
the transport of bicarbonate (Greenwell, 1 9 7 5 ) . Bicarbonate 
transport across the luminal membrane has earlier been attributed 
to a HCOñ-activated ATPase (Simon et al., 1972; Simon and Thomas, 
1972; Wizemannet al., 1 9 7 4 ) , but the presence of this enzyme in 
the plasma membrane is very doubtful in view of the observations 
of Van Amelsvoort et al. (1978). Hence another enzyme or carrier 
or the secretin-induced hyperpol arization of the cell membrane 
(in which c-AMP probably plays a role) might be responsible for 
the transport of HCO, across the luminal membrane. 
In view of the ability of the pancreas to transport other 
weak acids in the absence of HCOÔ, Swanson and Solomon (1972) have 
suggested the presence of a Na -H exchange pump. The localization 
of this pump in both the luminal and contraluminal membrane, as 
proposed by Swanson and Solomon (1975), is somewhat doubtful, but 
the presence in the contraluminal membrane is very plausible in 
view of the above data. 
COp would diffuse into the cell, react with cell water to form 
H ?C0 3,which then dissociates into HC0Ô and H . This conversion of 
COp into bicarbonate is activated by the enzyme carbonic anhydrase, 
which is present in the pancreas. Addition of acetazolami ne, which 
inhibits carbonic anhydrase, to the external medium of the 
pancreas results in a decreased rate of fluid secretion (Ridderstap, 
1969. ; Case et al., 1969; Swanson and Solomon, 1 9 7 5 ) , but not when 
bicarbonate has been replaced by acetate (Swanson and Solomon, 
1975; Case et al . , 1979). 
Upon stimulation bicarbonate is extruded at the luminal side 
of the cell and the H _ion leaves the cell through the Na/H 
exchange carrier which pumps H out of the cell and Na into the 
cell. In its turn the Na _ion is pumped out of the cell by the 
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Na + -K + -ATPase s y s t e m . With the appearance o f a c t i v e l y t r a n s p o r t e d 
HCOZ i n t o the lumen, w a t e r f o l l o w s o s m o t i c a l l y , thus m a i n t a i n i n g 
the i s o t o m ' c i t y o f the p a n c r e a t i c f l u i d . 
These o b s e r v a t i o n s s u p p o r t the idea of the presence o f a Na -
H+ exchange pump l o c a t e d a t the b a s o l a t e r a l c e l l membrane, s e r v i n g 
t o e x t r u d e the hydrogen ions produced d u r i n g d i s s o c i a t i o n o f 
c a r b o n i c a c i d . A d d i t i o n a l ev idence f o r t h i s i s the o b s e r v a t i o n 
t h a t l o w e r i n g the pH of the e x t e r n a l medium reduces f l u i d 
s e c r e t i o n , p r o b a b l y by i n c r e a s i n g the h : d r o g e n g r a d i e n t a g a i n s t 
which the N a + - H + exchange has t o f u n c t i o n (Schulz e t a l . , 1971 ; 
α 
Swanson and Solomon, 1975; Case e t a l . , 1979; Raeder e t a l . , 1 9 7 9 ) . 
C o n s i d e r i n g the ev idence f o r a r o l e o f Na -K -ATPase and o f 
a Na+-H exchange pump i n the f l u i d s e c r e t i o n , the r o l e o f 
c h l o r i d e i n t h i s process would seem t o be q u i t e s u b o r d i n a t e . In 
s e c t i o n 1.7.4 i t i s shown t h a t an e x t r a c e l l u l a r source o f permeant 
anions i s r e q u i r e d f o r o p t i m a l p a n c r e a t i c f l u i d and b i c a r b o n a t e 
s e c r e t i o n . T h i s has l e d t o the s u g g e s t i o n t h a t the e x i s t e n c e o f 
a c h l o r i d e / b i c a r b o n a t e exchange c a r r i e r , whose a c t i v i t y depends 
on p a s s i v e c h l o r i d e t r a n s p o r t , i s needed f o r o p t i m a l s e c r e t i o n 
o f f l u i d (Case e t a l . , 1979). I t i s not known where t h i s hypo­
t h e t i c a l c a r r i e r would be l o c a t e d i n the c e l l but the most 
f a v o r a b l e p o s i t i o n would be the a p i c a l ( l u m i n a l ) membrane i n 
o r d e r t o f a c i l i t a t e b i c a r b o n a t e t r a n s p o r t i n t o the d u c t . 
O t h e r w i s e , c h l o r i d e c o u l d be i m p o r t a n t i n f l u i d s e c r e t i o n by a c i n a r 
c e l l s , about which n o t h i n g i s known e x c e p t t h a t i t e x i s t s i n 
c e r t a i n s p e c i e s ( P e t e r s e n and Ueda, 1 9 7 7 ) . 
1.9 S t i m u l u s - s e c r e t i o n c o u p l i n g i n f l u i d s e c r e t i o n 
1.9.2 lluid secretion evoked by secretin 
S e c r e t i η-s t i m u l a t e d f l u i d s e c r e t i o n d e r i v e s m a i n l y f r o m the 
d u c t u l a r c e l l s . This has been c o n f i r m e d f o r r a b b i t pancreas some 
y e a r s ago by means o f m i c r o p u n c t u r e and m i c r o p e r f u s i o n t e c h n i q u e s 
(Schulz e t a l . , 1969; Swanson and Solomon, 1 9 7 3 ) . A d d i t i o n a l 
e v i d e n c e f o r d u c t a l f l u i d s e c r e t i o n has r e c e n t l y become a v a i l a b l e 
( F b l s c h and C r e u t z f e l d t , 1977). D e s t r u c t i o n of the a c i n a r c e l l s 
i n the i n t a c t pancreas by f e e d i n g r a t s a s p e c i a l c o p p e r - f r e e d i e t 
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leaves s e c r e t i n s t i m u l a t i o n o f f l u i d s e c r e t i o n i n t a c t , b u t 
pancreozymin has no e f f e c t anymore. 
A f t e r a d d i t i o n of s e c r e t i n , i n t r a c e l l u l a r l e v e l s o f c-AMP i n 
c a t (Case e t a l . , 1 9 7 2 ) , g u i n e a - p i g (Benz e t a l . , 1972) and r a t 
( R o b b e r e c h t e t a l . , 1974, Kempen e t a l . , 1977,) are i n c r e a s e d . 
x
 α
 λ 
The enzyme r e s p o n s i b l e f o r t h i s p r o c e s s , a d e n y l a t e c y c l a s e , i s 
p r e s e n t i n a p r e p a r a t i o n o f r a t p a n c r e a t i c plasma membranes 
( R u t t e n e t a l . , 1 9 7 2 ) . A c t i v a t i o n o f t h i s enzyme can be o b t a i n e d 
w i t h p a n c r e o z y m i n , b u t s e c r e t i n has a more pronounced e f f e c t 
( R u t t e n e t a l . , 1972, Kempen e t a l . , 1 9 7 4 ) . However, these 
r e s u l t s are o b t a i n e d w i t h a membrane f r a c t i o n f rom whole p a n c r e a s , 
i n which plasma membranes o f the a c i n a r c e l l s d o m i n a t e . 
N e v e r t h e l e s s , i n h i b i t i o n of the a d e n y l a t e c y c l a s e a c t i v i t y w i t h 
a l l o x a n a l s o i n h i b i t s f l u i d s e c r e t i o n ( S c r a t c h e r d , 1974; B o n t i n g 
e t a l . , 1 9 7 7 ) , w h i l e substances which p r e v e n t the breakdown o f 
c-AMP i n c r e a s e p a n c r e a t i c f l u i d s e c r e t i o n (Case and S c r a t c h e r d , 
1 9 7 2 ) . The r o l e o f c-AMP i n f l u i d s e c r e t i o n has f u r t h e r been 
e s t a b l i s h e d by the use of c h o l e r a t o x i n , which s t i m u l a t e s 
a d e n y l a t e c y c l a s e a c t i v i t y . In the pancreas i t enhances f l u i d 
s e c r e t i o n w i t h o u t a f f e c t i n g the enzyme s e c r e t i o n (Kempen e t a l . , 
1975; Smith and Case, 1 9 7 5 ) . S u p p o r t i n g e v i d e n c e f o r a r o l e f o r 
c-AMP i n s e c r e t i η-evoked f l u i d s e c r e t i o n are the o b s e r v a t i o n s o f 
F'dlsch and C r e u t z f e l d t ( 1 9 7 6 ) , who r e p o r t e d an i n c r e a s e i n i n t r a ­
c e l l u l a r c-AMP l e v e l a f t e r s t i m u l a t i o n w i t h s e c r e t i n o f r a t 
p a n c r e a s , i n which the a c i n a r c e l l s had been d e s t r o y e d . 
These f i n d i n g s i n d i c a t e t h a t the a d e n y l a t e c y c l a s e system 
p l a y s an i m p o r t a n t r o l e i n the s t i m u l u s - s e c r e t i o n c o u p l i n g o f 
s e c r e t i n - i n d u c e d f l u i d s e c r e t i o n . How c-AMP p r o d u c t i o n leads t o 
f l u i d s e c r e t i o n i s not y e t c l e a r . The i n c r e a s e d c-AMP l e v e l may 
s t i m u l a t e the a c t i v i t y o f some p r o t e i n k i n a s e ( s ) , which i n t u r n 
p h o s p h o r y l a t e s membrane p r o t e i n ( s ) f a c i l i t a t i n g an i n c r e a s e i n 
f l u i d s e c r e t i o n t h r o u g h i n c r e a s i n g a p e r m e a b i l i t y or a pump 
a c t i v i t y . 
1.9.2 Fluid secretion evoked by pancreozymtn 
Pancreozymin a l s o s t i m u l a t e s f l u i d s e c r e t i o n , b u t o n l y i n some 
s p e c i e s ( r a t , s h e e p ) . The r e s u l t i n g f l u i d appears t o d e r i v e from 
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the acinar cells. Petersen and Ueda (1977) were the first who 
where able to distinguish fluid secretion from the acinar and from 
the ductular cells. Perfusion of the rat pancreas in the absence 
of a C02/HCOTbuffer abolishes stimulation of fluid secretion by 
secretin, but the effect of pancreozymin is pronounced. In the 
presence of a C0?/HC0>buffer secretin has a normal effect on 
fluid secretion. This suggests that there are no pancreozymin 
receptors on the ductular cells, which has been experimentally 
confirmed. The adenylate cyclase activity of isolated rat 
ductular cells is not affected by pancreozymin, although it is 
strongly increased by secretin. 
Moreover, duct cell adenylate cyclase is more than 10 times 
as sensitive to secretin than adenylate cyclase from acinar 
cells (Milutinovic et al.,1977). 
The acinar cell produces no fluid after secretin stimulation 
(Petersen and Ueda, 1977). Only a speci es-dependent protein 
secretion occurs, which is proportional to the secretin_stimulated 
adenylate cyclase activity of the acinar cells (De Pont et al., 
1979). So an increased c-AMP level is not sufficient for acinar 
cell fluid production. Pancreozymin, however, increases both 
acinar cell adenylate cyclase and the intracellular free calcium 
concentration. Both parameters are probably involved in enzyme and 
fluid secretion. However, still another factor must be involved, 
because it may be assumed that in cat pancreas both parameters 
are increased after stimulation with pancreozymin, but this does 
not result in a production of fluid (Brown et al., 1967). 
1.10 The pancreas as an epithel i a 1 ti ss uè 
The processes of fluid and enzyme secretion have been described 
in the preceding sections with emphasis on the substances which 
are required in stimulating and maintaining these processes. 
The epithelial arrangement however, also plays an important role 
in the mechanism of the two processes. 
Epithelial cells are joined together at their apices by 
zonulae occludentes (tight junctions), which act as seals 
isolating one face of the epithelium from the other. A rough 
indication of the tightness of the seal can be obtained by 
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measuring the transepithelial electrical resistance. Claude and 
Goodenough (1973) have demonstrated a correlation between the 
transepithelial resistance of a tissue and the number of sealing 
strands in the junction between its cells. Tissues in which the 
tight junction network incorporates only one or two sealing 
strands, as in the proximal tubule of the kidney, offer little 
resistance to the passage of ions (Staehelin and Hull, 1 9 7 8 ) . The 
junctions between the pancreatic acinar cells consist of 1-5 
strands, which suggest that the pancreas is a rather leaky 
epithelium (Galli et al., 1976; Metz et a l . , 1977; Meldolesi et 
al., 1 9 7 8 ) . The low transepithelial potential difference of some 
millivolts (Schulz et al., 1969; Way and Diamond, 1970; Swanson 
and Solomon, 1973; Greenwell, 1977) also supports this conclusion 
since lOx higher values are found for tight epithelia (Frömter 
and Diamond, 1 9 7 2 ) . 
These junctions are a beautiful example of biological 
engineering at the cellular level. They join the cells together 
and they form a barrier in the membrane separating the baso-
laterally and apically located membrane proteins from each other. 
The organization of the sealing strands into a network makes it 
moreover possible for the tightness of the junction to be 
varied according to the physiological needs of the tissue. Claude 
(1978) has confirmed by calculation that the strands in the 
zonula occludens are remarkably labile. On the submioroscopi с 
level the strands of the junctional complex in the acinar cell 
are seen to be disarranged after ligation of the duct of the rat 
pancreas (Metz et al., 1978 ) . No data are available on the 
ductular cells under this condition. 
In addition to the junctional complex, which is localized 
near the apical side of the cell, microfilaments are observed 
throughout the cell, which converge on the junctional complexes 
(Kern and Ferner, 1971; Seybold et al., 1975; Williams, 1977 ) . 
The function of these organelles is unclear but they may provide 
a structural framework and possibly a contractile mechanism for 
the translocation and extrusion of the granules (Case, 1978 ). 
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1.11 Purpose of this investigation 
In the preceding sections we have briefly reviewed our current 
understanding of the molecular aspects of the secretion processes 
taking place in the exocrine pancreas. In our own studies, 
reported in this thesis, we have concentrated on the fluid 
secretion process, mainly on two points. 
First, it appears from the evidence reviewed in this chapter 
that little is known about the pump systems involved in the 
production of fluid. The involvement of the Na -K -ATPase in this 
process is clear (Ridderstap and Eonting, 1969. ; Guelrud et al., 
1972; Case and Scratcherd, 1974; Swanson and Solomon, 1 9 7 5 ) , but 
the role of other postulated carriers is uncertain. In addition 
it appears that two types of fluid secretion are present: one 
maintained by the ductular cells and one by the acinar cells 
(Petersen and Ueda, 19 7 7 ) , an observation which further com-
plicates our understanding of the fluid secretion process. 
Secondly, recent publications of Schreurs et al. (1975 and 
1976^) have revealed that the divalent cations calcium and 
magnesium are partly secreted bound to the secretory proteins 
and partly in the free form via the paracellular pathway. 
Mannitol, a non-electrolyte, uses this pathway for 100%. In 
addition, they have observed that the permeability of this 
pathway is influenced by the cholinergic drug carbachol and 
the hormone pancreozymin. These observations suggest that ions 
may also use the extracellular pathway on their way to the 
lumen and that the permeability of this pathway can be changed 
upon stimulation. 
The main purpose of this study is to investigate the 
characteristics of the paracellular pathway and its possible 
involvement in the mechanism of pancreatic electrolyte secretion. 
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CHAPTER 2. MATERIALS AND METHODS 
2.1 Materials 
The chemica ls and m a t e r i a l s used i n t h i s s tudy are summed up 
below w i t h t h e i r s o u r c e s : 
Acetazo lami de (D iamox) : Leder le L a b o r a t o r i e s D i v i s i o n , New 
Yersey , USA; adenosine 5 ' - t r i phospha te , ß - f r u c t o s i dase , g l ucose -
6-phosphate dehydrogenase, hexok i nase , n i c o t i n a m i d e - a d e n i n e 
d i n u c l e o t i d e phosphate ( o x i d i z e d f o r m ) : B o e h r i n g e r , Mannheim, 
Germany; a t r o p i n e , o u a b a i n : Merck, Darms tad t , Germany; aquasol : 
New England N u c l e a r , B o s t o n , Massachuse t t s , USA; bov ine serum 
a l b u m i n : Behr ingwerke AG, Marburg Lahn, Germany; A23187: E l i 
L i l l y and Company, I n d i a n a p o l i s , USA; c a e r u l e i n : Dr. R. de 
C a s t i g l i o n e , F a r m i t a l i a , M i l a n , I t a l y ; c a r b a c h o l : ACF Chemiefarma, 
Naarden, The N e t h e r l a n d s ; chromAR-sheet 500: Mai 1 i n c k r o d t , S t . 
L o u i s , USA; c l a n o b u t i n e : Byk Gulden, Kons tanz , Germany; c y tocha -
l a s i n B: A l d r i c h , Beerse , Be lg ium; fu rosemide ( L a s i x ) : Hoechst 
AG, F r a n k f u r t , Germany; hyamine hyd rox ide 10-X: Packard I ns t rumen t 
I n t e r n a t i o n a l SA, Z ü r i c h , S w i t s e r l a n d ; p i c o - f l u o r 15: Packard 
I n s t r u m e n t SA Bene lux , B r u s s e l s , Be lg ium; pancreozymin : Boots 
Company LTD, No t t i ngham, England ( t h i s p r e p a r a t i o n i s on ly used 
i n chap te r 5 ) ; panc reozym in -C -oc tapep t i de : a. Dr. M. O n d e t t i , 
The Squibb I n s t i t u t e f o r Medical Research, P r i n c e t o n , USA, b. 
Dr. H.M. R a j h , Departments f o r Organic Chemist ry and B i o c h e m i s t r y , 
U n i v e r s i t y o f N i jmegen , The N e t h e r l a n d s ; s e c r e t i n : P r o f . Dr. H. 
Beyerman, Department o f Organic C h e m i s t r y , Techn i ca l U n i v e r s i t y , 
D e l f t , The N e t h e r l a n d s ; o m n i f l u o r : NEN Chemica ls , F r a n k f u r t , 
28 Germany; MgCI 2'· Brookshaven Na t i ona l L a b o r a t o r y , Up ton , New 
Yo rk , USA; 4 5 C a C l 2 ( 0 . 2 5 - 1 C i / m o l ) , [ 1 4 c ] - c h o l i n e c h l o r i d e 
(52 C i / m o l ) , [ 3 H ] - c y t o c h a l a s i n В (14 C i / m o l ) , [ 1 4 c ] - e r y t h r i t o l 
( 2 . 3 C i / m o l ) , [ 1 4 c ] - g l y c e r o l (38 C i / m o l ) , [ 3 H] - i n u l i n (900 C i / 
m o l ) , [ 1 4 c ] - l a c t o s e (60 C i / m o l ) , [ 1 4 c ] - m a n n i t o l (60 C i / m o l ) , 
N a 3 6 C l ( 0 . 0 8 m C i / m o l ) , [ 1 4 c ] - s u c r o s e (381 C i / m o l ) , [ 1 4 c ] - u r e a 
(60 C i / m o l ) : The Radiochemical C e n t r e , Amersham, UK; 2 , 4 , 6 -
t r i a m i n o p y r i m i d i ne : Sigma Chemical Company, S t . L o u i s , USA. 
B r a y ' s s o l u t i o n , which i s used f o r l i q u i d s c i n t i l l a t i o n 
c o u n t i n g o f aqueous r a d i o a c t i v e s o l u t i o n s i s p r e p a r e d a c c o r d i n g 
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to Bray (I960) and contains per liter: 60 g naphtalene, 100 ml 
methanol, 20 ml ethylene glycol, 4 g omnifluor, dioxane to a 
final volume of 1 litre. 
All other substances used are commercial preparations of 
the highest purity obtainable. 
2.2 Preparation of the rabbit pancreas 
Male and female New Zealand white rabbits, weighing 2 - 3 kg 
are used. The animals are killed by a blow on the neck, 
immediately followed by carotic exsangui nati on. The pancreas is 
then removed as described below. 
2.2.1 Isolated rabbit pancreas 
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The technique for preparing and mounting the isolated rabbit 
pancreas is as described by Rothman (1964) with some minor 
modi fi cati ons. 
After opening the abdomen the first intestinal loop (mesomental 
loop) including the attached parts of the rectum and stomach 
are removed. Because of the close contact of these tissues with 
the pancreas they cannot be totally removed. The open ends of 
duodenum and rectum are then ligated and the entire preparation 
is mounted on a Polyvinylchloride frame (19 χ 10 cm) by tying 
the intestinal wall in various places to holes in the frame as 
schematically presented in fig. 2.1. Thereafter the main pancreatic 
duct is cannulated as closely as possible to the duodenum with 
polyethylene tubing (1 mm outer diameter). The frame with the 
mounted pancreas is placed in a glass chamber 18.5x12x2 cm 
(1, h, w ) , filled with 350 ml bathing medium. The medium is 
maintained at 37 С and is continuously gassed with carbogene, 
a mixture of 95% 0 2 and 95% C 0 2 . 
2.2.2 Rabbit pancreas fragments 
Fragments of about 60 mg wet weight are cut from the pancreatic 
tissue stretched between the spleen and the rectum. The 
fragments are incubated in a bathing medium, which is 
continuously gassed by carbogene and maintained at 37 C. 
2.3 Incubation medium 
The two r a b b i t pancreas p r e p a r a t i o n s are i n c u b a t e d i n a 
b a l a n c e d K r e b s - R i n g e r b i c a r b o n a t e medium (KRB-mediurn), c o n t a i n i n g 
i n mM/1: Na+ 1 4 3 . 5 , K+ 4 . 9 , C a + + 2 . 5 , M g + + 1 .2, HCOJ 2 5 . 0 , 
H2P0¡j 1 .2 , C l " 130.7 and g lucose 5 . 5 . 
Before i n c u b a t i o n the pH o f the s o l u t i o n i s a d j u s t e d to 7.4 
by a d d i t i o n o f HCl. 
Sometimes a s o - c a l l e d EGTA-mediurn, i . e . a KRB-medium w i t h o u t 
Ca and Mg and i n c l u d i n g 10" M e t h y l e n e g l y c o l - b i s - ( ß-amino-
e t h y l e t h e r ) - N , Ν ' - t e t r a a c e t i c a c i d ( E G T A ) f i s used. 
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2.4 Incubation and sample collection 
2.4.1 Isolated rabbit pancreas 
The i s o l a t e d r a b b i t pancreas i s i n c u b a t e d f o r 1 h a f t e r 
mount ing i n KRB-medium, i n o r d e r t o reach a s t e a d y - s t a t e 
c o n d i t i o n . A f t e r t h i s p e r i o d the i n c u b a t i o n medium i s r e p l a c e d 
by f r e s h KRB-medium. When the presence o f a r a d i o a c t i v e 
substance i s necessary a f t e r s teady s t a t e i n c u b a t i o n , t h i s 
compound i s u s u a l l y p r e s e n t i n a 2 mM c o n c e n t r a t i o n , e x c e p t 
t h a t [ H] - i n u l i n , Na CI and [ н] - c y t o c h a l a s i η В are added i n 
t r a c e amounts o f 10 цСі a c t i v i t y t o the b a t h i n g medium. 
The p a n c r e a t i c f l u i d i s c o l l e c t e d i n 5 t o 15 min f r a c t i o n s i n 
p r e - w e i g h e d p l a s t i c c o u n t i n g v i a l s . The volume o f s e c r e t e d f l u i d 
i s d e t e r m i n e d by w e i g h i n g . From the b a t h i n g medium and from the 
f r a c t i o n s samples are taken f o r a p p r o p r i a t e s p e c t r o p h o t o m e t r i с 
assays. When a r a d i o a c t i v e compound was p r e s e n t , the r e m a i n i n g 
volume i s s u b j e c t e d t o l i q u i d s c i n t i l l a t i o n c o u n t i n g . 
D u r i n g i n c u b a t i o n s e v e r a l s t i m u l a n t s and o t h e r substances 
are added t o the b a t h i n g medium, as i n d i c a t e d i n the t a b l e s and 
f i g u r e s . 
2.4.2 Babbit pancreas fragments 
The r a b b i t pancreas f ragments are p r e i n c u b a t e d i n KRB-medium 
f o r 30 min.They are then t r a n s f e r r e d t o a n o t h e r v e s s e l , 
c o n t a i n i n g f r e s h KRB-medium t o which 0 . 4 мСі [ С] - s u b s t a n c e / m l 
or 0.8 μΟι [ HJ - i n u l i n / m l has been added. The t o t a l i n c u b a t i o n 
t i m e a t 37 С w i t h c o n t i n u o u s g a s s i n g by carbogene i s 90 m i n . 
When a s t i m u l a n t i s u s e d , i t i s added a f t e r 60 m i n . From the 
medium s e v e r a l samples are taken f o r l i q u i d s c i n t i l l a t i o n 
c o u n t i n g . 
2.5 Assay methods 
2.5.1 Protein determination 
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The p r o t e i n c o n c e n t r a t i o n i n the s e c r e t e d f l u i d o f the i s o l a t e d 
pancreas i s d e t e r m i n e d a c c o r d i n g to Lowry e t a l . (1951) on a m i c r o 
s c a l e , b o v i n e serum a lbumin s e r v i n g as a s t a n d a r d . 
F ive μ ! samples are d i l u t e d t o 400 μ! and mixed w i t h 2 ml o f 
an a l k a l i n e copper r e a g e n t (a m i x t u r e o f 50 ml o f 1% N32003 i n 
0.10 N NaOH and 1 ml o f 0.5% CuS0 4 .5H 2 0 i n \% Na-K t a r t r a t e ) . 
A f t e r 10 min 200 μΐ o f a 1 N Fol i n - C i o t a l t e u phenol r e a g e n t i s 
added under r a p i d m i x i n g . A f t e r 30 min the 500 nm absorbance o f 
the s o l u t i o n i s measured i n a Zeiss spectrophotometer(PMQ I I ) . 
2 . 5 . 2 Sodium and potassium determination 
Sodium and potassium concentrations are measured by flame-
photometry on an Eppendorf f1amephotometer. Twenty μΐ bathing 
medium or pancreatic juice is diluted with distilled water to 
5 ml. Standard solutions of sodium and potassium in the same 
concentration range are used for calibration curves, which are 
vi rtually li near. 
2.5.3 Calcium and magnesium determination 
Calcium and magnesium concentrations are measured by atomic 
absorption photometry (Pye Unicam SP 1 9 5 0 ) . For calcium and 
magnesium 25 and 10 μΐ respectively, of bathing medium or 
secreted fluid are diluted with distilled water to 2 ml. Standard 
solutions of calcium and magnesium in the same range are used 
for calibration curves, which are nearly linear. 
2.5.4 Chloride determination 
C h l o r i d e i s d e t e r m i n e d c o u l o m e t r i c a l l y . To a 10 μΐ sample 
o f b a t h i n g medium o r s e c r e t e d f l u i d 3 ml d i l u t i o n f l u i d i s a d d e d , 
which c o n s i s t s o f NaCl 0.5 mM, a c e t i c a c i d 10% and n i t r i c a c i d 
0 . 1 M. A d i t i o n a l l y t h r e e drops o f a 0.62% g e l a t i n i n d i c a t o r 
s o l u t i o n are added and the c h l o r i d e c o n t e n t i s measured i n an 
Ami n e o - C o t i ove t i t r a t o r . T r i p l o s t a n d a r d and b l a n k s are t i t r a t e d 
p r i o r t o the t i t r a t i o n o f the samples. From the t i t r a t i o n 
r e s u l t s o b t a i n e d f o r the s t a n d a r d , a f t e r c o r r e c t i o n f o r the 
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blanks, a caHbration factor К is calculated (equation (a)): 
ml of standard χ cone, of standard 
К = 
average net seconds of the standard 
The concentration of chloride in the samples was calculated 
according to equation (b): 
Κ χ net seconds of sample 
CI' = 
ml of s ampi e (= 0.01 ml) 
2.5.5 Sucrose détermination 
In the exper iments w i t h n o n - r a d i o a c t i v e s u c r o s e , the l a t t e r 
compound i s ana lyzed by measuring the amount o f NADPH formed 
a f t e r h y d r o l y s i s o f the sucrose w i t h β - f r u c t o s i d a s e (Bergmeyer 
and B e r n t , 1974). To a 25- μΐ sample o f the b a t h i n g medium or 
s e c r e t e d f l u i d 50 μΐ b u f f e r I ( c i t r a t e 0.32 M, pH=4.6) and 5 μΐ 
β - f r u c t o s i d a d e s o l u t i o n (5 mg/ml i n d i s t i l l e d w a t e r ) are added, 
mixed and i n c u b a t e d f o r 15 min at room t e m p e r a t u r e . Then 250 μΐ 
b u f f e r I I ( t r i e t h a n o l a m i n e 0.75 M, M g + + 10 mM; p H = 7 . 6 ) , 25 μ! 
11.5 mM NADP, 25 μ! 81 mM ATP ( i n 0.8 M NaHC^) and 400 μΐ 
d i s t i l l e d w a t e r are added, mixed and a f t e r 3 min e x t i n c t i o n i s 
d e t e r m i n e d at 340 nm. To c o r r e c t f o r p r e s e n t g l u c o s e a d d i t i o n a l l y 
5 μΐ h e x o k i n a s e / g l u c o s e - 6 - p h o s p h a t e dehydrogenase (2 mg HK/ml; 
1 mg G6P-DH/ml) s o l u t i o n i s added and a f t e r 15 min e x t i n c t i o n 
at 340 nm i s once again d e t e r m i n e d . A f t e r c o r r e c t i o n f o r b l a n k s 
the c o n c e n t r a t i o n i n the s e c r e t e d f l u i d i s expressed as p e r c e n t 
o f the b a t h i n g medium. 
2.5.6 TAP determination 
TAP, which has an a b s o r p t i o n peak at 276 nm, i s d e t e r m i n e d 
as f o l l o w s : t o a 25-μ1 sample o f the b a t h i n g medium or 
s e c r e t e d f l u i d is added 1 ml 10% TCA (w/v) s o l u t i o n i n o r d e r t o 
p r e c i p i t a t e p r o t e i n s . A f t e r 5 min c e n t r i f u g a t i on at 15000 g i n a 
Phywe PH 1 c e n t r i f u g e , the s u p e r n a t a n t i s d i l u t e d w i t h 4 v o l s . 
d i s t i l l e d w a t e r and the 276 nm absorbance i s measured ( f i n a l 
pH= 1 . 2 ) . 
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2.5.7 Volume determination of panoreatia fluid 
The we igh t i nc rease of the pre-we ighed p l a s t i c c o u n t i n g 
v i a l s i s a measure o f the volume f l ow o f the s e c r e t e d f l u i d o f 
the i s o l a t e d r a b b i t pancreas . The d e n s i t y o f the s e c r e t e d f l u i d 
i s assumed to be 1.0 f o r a l l f r a c t i o n s . 
2.5.8 Radioactive acunting 
The samples o f s e c r e t e d f l u i d , b a t h i n g medium and the 
samples f rom the d e t e r m i n a t i o n o f the e x t r a c e l l u l a r space 
(see chap te r 6) are mixed w i t h c o u n t i n g f l u i d . The f i r s t two 
types o f samples are mixed w i t h 10 ml Bray ' s s o l u t i o n or w i t h 
5 ml P i c o - F l u o r 15, the t h i r d type o f samples are mixed w i t h 
10 ml Aquaso l . The r a d i o a c t i v i t y i s then measured i n a 
P h i l i p s l i q u i d s c i n t i l l a t i o n a n a l y z e r . The r a d i o a c t i v i t y i n 
dual l a b e l exper iments i s c a l c u l a t e d by means o f the e x t e r n a l 
s t anda rd r a t i o method. 
2.6 E f f e c t s o f drugs on Na -K - ATPase a c t i v i t y 
In t h i s s t u d y , p resen ted i n chapters 3 t o 9 , seve ra l drugs 
w i t h d i f f e r e n t p r o p e r t i e s are used. From s e c t i o n 1.8 i t 
appears t h a t the Na -K -ATPase p lays a c r u c i a l r o l e i n 
p a n c r e a t i c f l u i d s e c r e t i o n . To determine the e f f e c t o f these 
drugs on the enzyme, t h e i r e f f e c t s on a h i g h l y p u r i f i e d 
Na -K -ATPase p r e p a r a t i o n f rom r a b b i t k idney o u t e r medul la 
has been i n v e s t i g a t e d . The r e s u l t s are p resen ted i n t a b l e 2 . 1 . 
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Table 2.1 E f f e c t s o f v a r i o u s drugs on a Na -K+-ATPase 
p r e p a r a t i o n f rom r a b b i t k i d n e y o u t e r m e d u l l a . 
compound 
c o n t r o l 
ouabain (10 M) 
DMSO (10% v/v) 
c l a n o b u t i n e ( 3 . 3 mM) 
i n DMSO (10% v/v) 
TAP ( 1 0 " 3 M ) 
f u r o s e m i d e ( 1 0 " 3 M ) 
f u r o s e m i d e ( 1 0 " 4 M ) 
a c e t a z o l a m i d e ( 1 0 " 3 M ) 
c y t o c h a l a s i n Β (1 μς/πι ΐ) 
c y t o c h a l a s i n В (2 μς/πι ΐ) 
c a r b a c h o l ( 1 θ " 5 Μ ) 
c a r b a c h o l ( 1 0 " 5 M ) + 
c y t o c h a l a s i n В (2 vg/mì) 
a с t i ν i 
= 100 
2. 
66 
62 
95 
105 
103 
93 
98 
99 
100 
98 
t y (*) 
3 + 0.3 
+ 2 . 1 
+ 4.0 
+ 2 . 1 
+ 2.0 
+ 2 . 1 
+ 7.0 
+ 0.7 
+ 1.0 
+ 1.0 
+ 1.0 
η 
5 
4 
4 
4 
5 
4 
4 
4 
4 
4 
4 
4 
R e s u l t s are p r e s e n t e d as p e r c e n t r e m a i n i n g a c t i v i t y as 
compared t o the c o n t r o l v a l u e , w i t h SE and the number o f 
d e t e r m i n a t i ons ( η ) . 
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CHAPTER 3. ROLE OF EXTRACELLULAR SODIUM IN PANCREATIC FLUID 
SECRETION 
3.1 Intro duct ion 
The concentrations of sodium and potassium in the secreted 
fluid are equal to or slightly higher than those in the external 
medium in vivo (Mangos and McSherry, 1971) as well as in vitro 
(Rothman and Brooks, 1965 ; Case et al., 1968; Ridderstap and 
Bonting, 1 9 6 9 , ) . Potassium is thought to diffuse passively into 
the pancreatic juice through the tight junctions (Case and 
Scratcherd, 1 9 7 4 ) . About the origin of sodium, however, the 
opinions differ. Ridderstap and Bonting (1969^) showed a 
parallelism between the inhibition of pancreatic Na -K -
activated ATPase and pancreatic fluid secretion. They suggested 
that active sodium transport would lead to the sodium concentration 
in the pancreatic fluid, and that water would follow passively 
through local osmosis. However, a direct role of this enzyme 
is difficult to reconcile with the morphological structure 
of the pancreas, and moreover it would not explain active HCO3-
transport. Others have postulated an indirect role for the 
Na -K -ATPase system. The low intracellular sodium concentration 
caused by the Na -K -ATPase would enable a Na /H antiport system 
to w o r k , leading to al kal i nization of the intracellular medium 
and a bicarbonate transport to the ductal system (Swanson and 
Solomon, 1 9 7 5 ) . In the latter case Na -ions would have to follow 
passi vely. 
In order to investigate the role of sodium in pancreatic 
fluid secretion, and particularly the way in which it is 
transported to the secretory fluid, we have replaced NaCl in the 
bathing medium of the isolated rabbit pancreas isosmotical ly 
with sucrose, choline chloride and KCl over a large concentration 
range and analyzed the amount and composition of the secreted 
fluid. 
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Fig. 3.1 Effect of veplaceme 
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3.2 Materials and Methods 
3. ?.1 General 
The m a t e r i a l s , p r e p a r a t i o n of r a b b i t panc reas , i n c u b a t i o n 
medium, i n c u b a t i o n and sample c o l l e c t i o n procedures and assay 
methods are desc r i bed i n chap te r 2. 
3.2.2 h'aCl replacement studies 
A f t e r a p r e i n c u b a t i o n p e r i o d o f 1 h i n a normal KRB-medium 
the medium i s rep laced by f r e s h normal KRB-medium. A f t e r 
ano ther hour t h i s medium i s rep laced by a low- [Na ]-KRB-medium 
i . e . p a r t o f the sodium c h l o r i d e i n the normal KRB-medium i s 
rep laced i s o s m o t i c a l l y by sucrose ( a c c o r d i n g to Gage and 
Q u a s t e l , 1966) , c h o l i n e c h l o r i d e or potass ium c h l o r i d e . A f t e r 
1 o r 1.5 h the low- [Na ]-KRB-medium is rep laced by a f r e s h 
normal KRB-medium, i n which the g land i s i ncuba ted f o r an 
a d d i t i o n a l hour . 
When c h o l i n e c h l o r i d e or e x t r a amounts o f po tass ium c h l o r i d e 
-4 
were p resen t i n the b a t h i n g medi um,addi t i o n a l l y 10 M a t r o p i n e 
i s added to the b a t h i n g medium in o rde r to exc lude s t i m u l a t i o n 
o f the enzyme s e c r e t i o n ( R u t t e n , 1974; W i l l i a m s , 1975) . 
For c a l c u l a t i o n s the mean values are taken o f the 2 0 - 6 0 , 
100-120 and 140-170 min pe r iods a f t e r s t a r t i n g the e x p e r i m e n t . 
When exposure to the low- iNa ]-KRB-medium l a s t s 1.5 h , than 
the 130-150 min p e r i o d i s taken and a co r respond ing p e r i o d o f 
the l a s t hour o f i n c u b a t i o n . A b a t h i n g medium sample i s taken 
every 20 min f o r d e t e r m i n a t i o n o f the sodium and potass ium 
c o n c e n t r a t i o n s i n the b a t h i n g medium. 
Only r e s u l t s f rom a pancreas p r e p a r a t i o n , where the r a t i o o f 
average f l u i d s e c r e t i o n r a t e i n the 140-170 min p e r i o d to the 
average f l u i d s e c r e t i o n r a t e i n the 20-60 min p e r i o d i s between 
0 .8 and 1.2 are used. 
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Vig. 3.2 Relationship between rate of fluid secretion and 
sodium concentration in the bathing mediiiw. 
The isolated rabbit pancreas is bathed in a medium, in which 
sodium chloride is replaced by isosmotia amounts of sucrose. 
Rate of fluid secretion is expressed as percent of the rate of 
secretion in normal КRВ-me di um. Results of 30 experiments are 
shown. 
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Fig. 3.3 Relationship between sodium concentration in medium 
and secreted fluid. Bathing medium was maintained at constant 
osmolarity by addition of osmotically equivalent amounts of 
sucrose. Results of 30 experiments are shown. 
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3.3 R e s u l t s 
S.Z.I Experimental performance 
The i s o l a t e d r a b b i t pancreas i n the absence o f s e c r e t i n has 
a n e a r l y maximal r a t e o f f l u i d s e c r e t i o n , which i s h a r d l y 
s t i m u l a t a b l e w i t h s e c r e t i n ( R i d d e r s t a p , 1969^; Rothman and 
B r o o k s , 1 9 6 5 , ; Galey and C a f l i s c h , 1977). F i g . 3 .1 shows a 
a 
t y p i c a l e x p e r i m e n t i n which a f t e r 1 h the b a t h i n g medium o f the 
i s o l a t e d r a b b i t pancreas i s r e p l a c e d by a low-[Na ] -KRB-mediurn, 
which a f t e r two hours i s r e p l a c e d again by a normal KRB-medium. 
A f t e r 30-40 min i n the second hour the pancreas p r e p a r a t i o n 
produces a s teady s t a t e f l u i d s e c r e t i o n i n which the 
c o n c e n t r a t i o n s o f sodium and p o t a s s i u m have s t a b l e l e v e l s . 
Whi le the sodium c o n c e n t r a t i o n o f the b a t h i n g medium does not 
change d u r i n g 1 h i n c u b a t i o n , the p o t a s s i u m c o n c e n t r a t i o n 
i n c r e a s e s a l i t t l e i n every case. This has p r e v i o u s l y been 
observed by Rothman and Brooks ( 1 9 6 5 . ) , who c o n c l u d e d t h a t t h i s 
i s p r o b a b l y caused by leakage of К f rom the t i s s u e . 
3.3.2 NaCl replacement by sucrose 
When sodium c h l o r i d e i s r e p l a c e d by s u c r o s e , t h e r e i s a 
decrease i n the r a t e o f f l u i d s e c r e t i o n , which i s c o r r e l a t e d 
w i t h the f r a c t i o n of NaCl r e p l a c e d ( f i g . 3 . 2 ) . Up t o 10 mM NaCl 
t h e r e i s no e f f e c t , above 10 mM the e f f e c t s t e a d i l y i n c r e a s e s 
u n t i l the ( e x t r a p o l a t e d ) s e c r e t i o n r a t e reaches a va lue zero at 
100 mM NaCl r e p l a c e m e n t . 
From f i g . 3.3 i t appears t h a t the sodium c o n c e n t r a t i o n i n 
the s e c r e t e d f l u i d h a r d l y changes, even when c l o s e t o 100 mM 
NaCl i s r e p l a c e d by s u c r o s e . On the o t h e r hand the p o t a s s i u m 
c o n c e n t r a t i o n o f t h e f l u i d i s not c o n s t a n t , but i n c r e a s e s 
s l i g h t l y d u r i n g an hour i n c u b a t i o n . The c o r r e l a t i o n between the 
i n c r e a s e i n p o t a s s i u m c o n c e n t r a t i o n of the s e c r e t e d f l u i d and 
the medium sodium c o n c e n t r a t i o n i s shown i n f i g . 3 . 4 . 
L o w e r i n g the sodium c o n c e n t r a t i o n o f the medium thus r e s u l t s 
i n the f o l l o w i n g e f f e c t s : a. i t does n o t change the sodium 
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increase in [к*]
 s (mM) 
Fig. 3.4 Pelationship between sodium concentration of medium and 
zhe increase in votassibv concentration of secreted flvid. 
The potassium values a/'e obtained by subtracting the fluid 
\K ] in normal KRP-medium from [K ] in low- [ .V'a ] -KRB-mediWr. 
Bathing medium osmolarity was maintained constant by addition 
of osmotically equivalent ancunts of sucrose. Pesults of ZO 
experiments are shown. 
22 2 4 
M s / [Na-.t, 
Fig. 3.5 Pelationship between the ratio's of fluid and medium 
concentrations of sodium and potassium. Bathing medium with 
a low sodium concentration is prepared by replacing sodium 
chloride with isos-rotio amour·vs of sucrose. The solid line has a 
correlation coefficient of 0.972 and a slope of 0.95. 
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concentration in the secreted fluid; b. it causes an increase in 
the potassium concentration of the secreted fluid, which is 
dependent on the medium sodium concentration. There is a direct 
correlation between the ratio's of fluid concentration and 
medium concentration for sodium and potassium, as expressed in 
fig. 3.5. 
¿.3.3 NaCl replacement by choline ahlovide 
Replacement of sodium chloride in the bathing medium by 
choline chloride also results in a decreased rate of fluid 
secretion, which is dependent on the fraction of sodium 
chloride replaced. However, the decrease is smaller now; after 
complete replacement of all sodium chloride by choline chloride 
there is still 20% of the initial rate of fluid secretion left 
(fig. 3 . 6 ) . 
The sodium concentration in the secreted fluid during a low-
[N a + ] -environment is differently related to the choline 
concentration in the medium than it is to the sucrose 
concentration (cf. fig. 3.7 and fig. 3 . 3 ) . Here the sodium 
concentration in the secreted fluid decreases dependently on 
the choline chloride concentration in the bathing medium (fig. 
3 . 7 ) . The potassium concentration in the secreted fluid 
increases concomitantly with increasing concentrations replaced 
sodium chloride (fig. 3 . 8 ) , as is also the case upon replacement 
of sodium chloride by sucrose. The relation between the ratio's 
of fluid concentration and medium concentration for sodium and 
potassium applies here also (fig. 3 . 9 ) . 
3.Z.4 Had replacement by potassium chloride 
In the previous two sections sodium chloride is replaced by 
a substance which is normally not present in plasma. We have 
also replaced sodium by potassium, an ion which is normally 
present in a concentration of about 5 mM in plasma and bathing 
medi um. 
Fig. 3.10 shows that with a decreasing sodium concentration 
in the medium, the pancreatic fluid secretion is almost linearly 
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Fig. 3.6 Relationship between rate of fluid secretion and medium 
sodium concentration. Sodium chloride in the bathing medium of 
the isolated rabbit pancreas is replaced by isosmotic amounts 
of choline chloride. 
Rate of fluid secretion is expressed as percent of the rate of 
secretion in normal KRB-medium. Results of 23 experiments are 
presented. 
100 120 140 
[No*],, (mM) 
Fig. 3.7 Relationship betueen sodium concentration in medium 
and secreted fluid. Sodium chloride in the bathing medium is 
replaced isosmotically by choline chloride. Results from 
23 experiments are presented. 
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Fig. 3.8 Relationship between medium sodium concentration and 
the increase in potassium concentration in the secreted fluid^ 
The potassium values are obtained by subtracting the fluid [К ] 
in normal KRB-medium from [K+\ in low- [/Va + ] -KRB-medium. 
A lowered sodium concentration in the bathing médium is obtained 
by replacing sodium chloride isosmotically by choline chloride. 
Results from 23 experiments are presented. 
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Fig. 3.9 Relationship between the concentration ratio's in 
secreted fluid and bathing medium for sodium and potassium. A 
bathing medium with a low sodium concentration is obtained by 
replacing sodium chloride isosmotically by choline chloride. 
The line has a correlation coefficient of 0.890 and a slope of 
0.97. 
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Fig. Ζ.10 Relationship between fluid secretion rate and sodium 
concentration in the bathing medium. Sodium chloride in the 
bathing medium of the isolated rabbit pancreas is replaced 
isosmotieally by potassium chloride. 
Rate of fluid secretion is expressed as percent of the secretion 
rate in normal KRB-medium. Results for 30 experiments are 
presented. 
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Fig. 3.11 Relationship between sodium and potassium concentrations 
in bathing medium and secreted fluid. Bathing medium sodium 
chloride was replaced isosmotieally by potassium chloride. 
A. Correlation of the sodium concentrations in bathing medium 
and secreted fluid; B. correlation for potassium. 
Results from 30 experiments are presented in each case. 
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decreased. Striking is that the concentrations of sodium (fig. 
3.11 A) and potassium (fig. 3.11 B) in the secreted fluid are 
nearly identical with those in the bathing medium. 
3.3.5 Tracer permeabil-ity in zhe isolated rabbit pancreas 
In the previous sections the effects of replacing sodium 
chloride in the bathing medium by isosmotic amounts of sucrose, 
choline chloride and potassium chloride are described. For 
potassium we may assume that this ion passes the blood-lumen 
barrier passively without appreciable difficulty, because its 
concentration in the secreted fluid equals that in the external 
medium. Therefore, we have investigated the permeability of the 
other substances in the isolated rabbit pancreas. Addition of a 
tracer amount of labeled material to the bathing medium results 
in its immediate appearance in the secreted fluid, where it 
reaches a steady state concentration after about 30 min. In 
table 3.1 the steady state concentrations in the secreted fluid 
are expressed as percent of the concentrations in the bathing 
medi um. 
Tabi e 3.1 Concentrations of sucrose, chloride and choline in the 
secreted fluid of the isolated rabbit pancreas in the resting state. 
Values are given with SE and the number of experiments ( n ) . 
compound 
s u c r o s e 
c h o l i n e 
chi o r i de 
c o n c e n t r a t i o n i n 
s e c r e t e d f l u i d {%) 
3.5 + 0.2 
6.7 + 1.4 
54 + 3.7 
η 
4 
4 
2 
Concentrations are expressed in percent of those in the bathing 
medium. Sucrose and choline"1" were added in 2 mM concentrations; 
the chloride-concentration was 130 mM. 
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3.3.6 Potential measurements 
With the assistance of Prof. Siegers and of Drs. Bijman, Festen 
and Van Os (Department of Physiology) we have tried to measure 
the transtubular potential difference as a function of the medium 
sodium concentration. A transtubular potential difference of -2 
to -4 mV (lumen negative) is measured at normal medium sodium 
level, and this value hardly changes when the sodium concentration 
is lowered to 100 mM in the bathing medium. This observation 
is in full agreement with the results of Swanson and Solomon 
(1975). 
3.3.7 Maintenance of fluid isosmolarity 
In sections 3.3.2, 3.3.3 and 3.3.4 we have described the 
effects of replacing NaCl in the bathing medium by sucrose, 
choline chloride and potassium chloride. For the latter 
substance it can be concluded from fig. 3.11 that the secreted 
fluid remains isosmotic with the bathing medium. However, 
sucrose and choline chloride are relatively impermeable (section 
3 . 3 . 5 ) , and therefore a deviating behaviour of the secreted 
fluid could occur. So we have tried to prove by calculation 
that this is not the case. 
Tabi e 3.2 Effect of partial replacement of NaCl by sucrose 
in the bathing medium of the isolated rabbit pancreas on the 
cation composition of the secreted fluid. 
control 
replacement 
of 33% Na+ 
replacement 
of 47% Na+ 
Na+ (mM) 
155 + 4.5 
151 + 4.2 
133 + 2.1 
K+ (mM) 
9.1 + 0.3 
12.1 + 0.2 
14 + 1.2 
Na++K+ (mM) 
164 + 4.5 
163 + 4.2 
147 + 2.4 
Na++K+ 
(%of control) 
= 100 
99 + 3.7 
89 + 2.9 
η 
6 
3 
3 
Values represent concentrations in the secreted fluid and are 
expressed with SE and the number of experiments ( n ) . 
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Table 3.2 p r e s e n t s the c o n c e n t r a t i o n s of Na+ an K+ i n the 
s e c r e t e d f l u i d i n a c o n t r o l e x p e r i m e n t and a f t e r r e p l a c e m e n t o f 
two d i f f e r e n t f r a c t i o n s of NaCl by s u c r o s e . I t i s c l e a r t h a t the 
i s o t o n i c i t y o f the s e c r e t e d f l u i d w i t h the b a t h i n g medium i s 
m a i n t a i n e d d u r i n g r e p l a c e m e n t . The s l i g h t l y d e v i a t i n g v a l u e o f 
147 mM f o r the sum o f Na+ and К i n the s e c r e t e d f l u i d when 47% 
o f the NaCl c o n t e n t i n the b a t h i n g medium i s r e p l a c e d , can be 
e x p l a i n e d by assuming t h a t now more than 3.5% o f the e x i s t i n g 
s u c r o s e c o n c e n t r a t i o n appears i n the s e c r e t e d f l u i d (see a l s o 
s e c t i o n 9 . 3 . 1 ) . 
S i m i l a r r e s u l t s are p r e s e n t e d i n t a b l e 3 . 3 . Here the c h o l i n e 
c o n c e n t r a t i o n i n the s e c r e t e d f l u i d i s measured when a l a r g e 
f r a c t i o n o f NaCl i s r e p l a c e d by c h o l i n e c h l o r i d p . I t appears t h a t 
under these c i r c u m s t a n c e s the c h o l i n e c o n c e n t r a t i o n i n the 
s e c r e t e d f l u i d i n c r e a s e s f r o m 6.7 t o about 702 o f the c h o l i n e 
c o n c e n t r a t i o n i n the b a t h i n g medium. So here a l s o the s e c r e t e d 
f l u i d appears t o remain i s o t o n i c w i t h the b a t h i n g medium. 
Tabi e 3.3 E f f e c t o f r e p l a c e m e n t o f NaCl by c h o l i n e c h l o r i d e 
i n the b a t h i n g medium o f the i s o l a t e d r a b b i t pancreas on t h e 
c a t i o n c o m p o s i t i o n o f the s e c r e t e d f l u i d . 
c o n t r o l 
c h o l i n e 
r e p l a c e m e n t 
Na+ (mM) 
155 + 2.8 
7 1 + 4 . 7 
K+ (mM) 
9.4 + 0.3 
1 3 . 1 + 0.9 
C h o l i n e + ( m M ) 
0 
83 + 5 . 9 ° 
Na + +K + + 
c h o l i n e + ( m M ) 
165 + 2.8 
167 + 7.6 
η 
6 
4 
Values r e p r e s e n t c o n c e n t r a t i o n s i n the s e c r e t e d f l u i d and are 
e x p r e s s e d w i t h SE and the number o f e x p e r i m e n t s ( n ) . 
0 T h i s v a l u e i s c a l c u l a t e d by m u l t i p l y i n g 118.5 ( c h o l i n e + - c o n -
c e n t r a t i o n i n b a t h i n g medium) w i t h 0.70 ± 0.05 ( r a t i o between 
c o n c e n t r a t i o n o f l ^ c - c h o l i n e i n s e c r e t e d f l u i d and b a t h i n g 
medium after choline replacement). 
The average and SE of 4 experiments are given. 
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3.4 Discussion 
Replacement of NaCl in the bathing medium of the isolated 
rabbit pancreas by isotonic amounts of either sucrose, choline 
chloride or KCl invariably causes a decrease in the rate of 
fluid secretion. The degree of inhibition depends on the type 
of replacing substance. E.g. when the original Na concentration 
is reduced by 50%, the residual flow rate is 17% when sucrose 
is used, 42?» when choline chloride is used and 54% with KCl as 
replacing agent. 
Substitution experiments as described in this chapter have 
been carried out previously, mostly in isolated perfused cat 
pancreas, more rarely in isolated rabbit pancreas. Rothman and 
Brooks (1965 ) found for isolated rabbit pancreas that 
substitution of NaCl by LiCl leads to a reduction in flow rate. 
Swanson and Solomon (1975) found in the same preparation that 
replacement of NaCl by an isotonic amount of sucrose down to 
a residual Na concentration of 75 mM resulted in a residual flow 
of 23%, whereas with choline chloride as replacing agent the 
residual flow rate at 75 mM Na + is still 45%. Case et al. (1968) 
found that replacement of NaCl by sucrose in the cat pancreas also 
led to a reduction in flow rate, leading to an extrapolated zero 
flow at 35 mM Na . Replacement of NaCl by KCl in the cat pancreas 
results in a similar parallel lowering of flow rate and perfusate 
Na concentration as is the case in this study (cf. fig. 4 of Case 
and Scratcherd (1974) with fig. 3.10 of this s t u d y ) . Argent et 
al. (1971) have compared the effects on the flow rate of re-
placing Na in the perfusate by sucrose (Case et al., 1968) or 
by KCl. They find hardly any difference between both replacement 
procedures . This indicates that Na ions play an important role 
in pancreatic fluid secretion. 
The difference between the degree of inhibition upon replacing 
of NaCl by different substances requires an explanation. We would 
like to suggest that the permeability of the substituent plays an 
additional role. Sucrose has a very low permeability, whereas KCl 
appears in the secreted fluid in the same concentration as is 
present in the bathing medium. The permeability of choline 
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Chloride seems to be intermediate between those of sucrose and 
KCl (Table 3. 1) . 
It has been shown previously that the secretory fluid of the 
pancreas is isotonic with that of the perfusion or bathing 
medium under a large variety of conditions (Case et al., 1968; 
Case and Scratcherd, 1974). This requires that the ions and 
small molecules present in the bathing medium be transported 
to the secretory fluid in amounts depending on their concentration 
in the bathing medium and on their transepithelial permeability. 
Under normal conditions the sodium and potassium concentrations 
in the secreted fluid are equal to or slightly higher than those 
in the bathing medium. When a considerable fraction of NaCl is 
replaced by sucrose, which is nearly impermeable, isotonicity 
can only be maintained by additional transport of NaCl (and 
KCl). The sodium and potassium concentrations in the secreted 
fluid then become higher than those present in the bathing 
medium (figs. 3.3 and 3.4 and table 3.2). When NaCl is replaced 
by KCl which is completely permeable, the concentrations of 
sodium and potassium in the secreted fluid equal those in the 
bathing medium (fig. 3.11). Replacement of NaCl by choline 
chloride leads to intermediate results, while the permeability of 
choline chloride is also intermediate between those of KCl and 
sucrose. Isotonicity can be maintained in this case by trans-
epithelial transport of NaCl, KCl and to a minor extent choline 
chloride (Table 3.3). 
The additional reduction in flow found when NaCl is replaced 
by either sucrose or choline chloride as compared to its 
replacement with KCl is thus due to the limited permeability of 
the first two substances. It thus appears that replacement with 
KCl gives the best demonstration of the sodium dependency of the 
fluid secretion process. 
Our findings that the sodium concentration in the secretory 
fluid does not decrease by more than 6% upon large scale 
replacement of NaCl by sucrose apparently contrasts to findings 
of Case et al. (1968) in the cat pancreas and of Swanson and 
Solomon (1975) for the rabbit pancreas, who find a 20% decrease 
when a large replacement has performed.An explanation for this 
difference is not available. The sodium concentrations found in 
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our study after replacement with choline chloride agree with 
the values given by Swanson and Solomon (1975) in the same 
preparation. 
The increase in potassium concentration in the secreted fluid 
upon replacement with sucrose or choline chloride has been 
previously observed (Case et al., 1968; Swanson and Solomon, 
1975). However, these authors have not interpreted their results 
as we did, i.e. by plotting the ratio of [Na ]
 s
/ [Na ] ^ vs. 
[K+] / [ K + ] f, • Figures 3.5 and 3.9 show that there is a linear 
relationship between the two parameters with a slope of about 
1. The lines do not go through the origin, due to the fact that 
in normal pancreas the potassium concentrations in the secreted 
fluid are always slightly higher than in the bathing medium. Our 
interpretation of the observed linearity is that Na and К are 
equally permeable and are, therefore, transported from the 
bathing medium to the secretory fluid in the ratio in which they 
are present in the bathing medium. Since the transport of 
potassium probably occurs through the tight junctions it is 
likely that sodium ions follow the same route. 
An alternative explanation would be that the cations are 
passively distributed over the epithelium according to a trans-
epithelial potential, which would be generated when NaCl is 
replaced by sucrose or choline chloride. This potential would 
measure up to -23 mV (secrete fluid vs. bathing medium), since 
the ratio of the monovalent cation concentrations can increase 
up to 2.4. Since replacement of NaCl does not lead to a change 
in the (very low) transepithelial permeability, this possibility 
can be excluded. The very leaky transport route through the 
tight junctions probably short-circuits such a potential. 
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CHAPTER 4 EFFECTS OF pH AND FUROSEMIDE ON PANCREATIC FLUID 
SECRETION 
4. 1 Introducti on 
In the previous chapter we have investigated the role of 
sodium and potassium ions in pancreatic fluid secretion. It 
appears that both cations are passively secreted in the pancreatic 
juice. This would suggest that there is active secretion of 
anions. 
There are strong suggestions that the pancreas produces 
a fluid which originates from two different sources: one of 
ductular and one of acinar origin (Petersen and Ueda, 1 9 7 7 ) . The 
ductular cells produce a bicarbonate-ri eh fluid while the 
acinar cells secrete a chloride-rich fluid. Evidence from micro-
puncture sludies carried out on cat and rabbit pancreas (Schulz 
et al., 1969; Swanson and Solomon, 1973; Lightwood and Reber, 
1977) supports this hypothesis. 
One approach to study the active secretion mechanism of 
anions is by using drugs which specifically inhibit particular 
transport processes. Inhibition of Na -K -ATPase and carbonic 
anhydrase by ouabain and acetazolami de , respectively, causes 
inhibition of ductular fluid secretion, suggesting that these 
enzymes play an important role in this process. In this 
chapter we have investigated the effects of furosemide, a 
potent diuretic, on pancreatic fluid secretion. There is 
evidence that this drug inhibits a Na /CI" carrier, in the case 
of dogfish rectal gland (Silva et al., 1 9 7 7 ) . 
4.2 Materials and Methods 
4.2.1 General 
The materials, the preparation of the rabbit pancreas, the 
incubation medium, the incubation and sample collection 
procedures and the assay methods are described in chapter 2. 
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Fig. 4.1 Pelation oetween rate of fluid secretion and pH of 
external rredium of the isolated rabbit pancreas. 
Secretion at pH 7.4 is set at 100%. 
Maximally two points per experiment are obtained. 
furosennidei10~3M 
Fig. 4.2 Typical experiment showing the effect of furosemide 
(10~¿M) on the rate of fluid secretion (- - -) and on the 
potassium (-o-o-), sodiwr (-Φ-Φ-) and protein (-Δ-Δ-) 
concentrations in the secreted fluid. The horizontal bar 
indicates the presence of furosemide in the bathing medium. 
Representative for S experiments. 
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4.2.2 Variations in pH of the inaubation medium 
A pH lower than the normal pH of the incubation medium is 
obtained by increasing the COp concentration of the gas mixture, 
by which the incubation medium is gassed. After incubation for 
1 h at normal pH, the pH is changed and incubation at this pH 
is continued for 1 h. The ratio of the average rates of fluid 
secretion during the last 30 min of each 1 h incubation period 
is calculated. 
4.2.3 Replacement studies 
In some exper iments a c h l o r i d e - or b i c a r b o n a t e - f r e e i n c u b a t i o n 
medium is used. The former i s ob ta i ned by r e p l a c i n g NaCl by 
N a - i s e t h i o n a t e and KC l , CaCl- and MgClp by t h e i r r e s p e c t i v e 
su lphona te s a l t s . A b i c a r b o n a t e - f r e e medium i s o b t a i n e d by 
r e p l a c i n g NaHCO., by Na-ace ta te and gass ing the medium by 
oxygen. The pH o f the medium i s ma in ta i ned at 7.4 by t i t r a t i o n 
w i t h 6 M NaOH. The amounts o f NaOH thus added are smal l enough 
so as not to cause a measurable change i n the sodium c o n c e n t r a t i o n . 
4 .3 Resu l ts 
4.5.1 Effect of pH on fluid secretion 
The isolated rabbit pancreas is normally incubated in a KRB-
medium which is continuously gassed by carbogene (95" Op and 5% 
C O p ) , which gives a medium pH of 7.4. When the COp concentration 
is increased the pH of the medium decreases. The pancreas 
reacts to this reduction in the pH of the bathing medium with 
a decreased rate of fluid secretion. A steady state secretion 
level is reached within 30 min. Total incubation time at each pH 
is 1 h. The average secretion rate during the final 30 min 
incubation is determined. Fig. 4.1 shows the relationship 
between the rate of fluid secretion and the pH of the bathing 
medium. Below pH 7.2 the rate of fluid secretion strongly 
decreases with the pH of the bathing medium. At pH 6.8 the rate 
of fluid secretion is reduced by about 50%. 
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4.3.2 Effects of furosemide on fluid secretion 
The e f f e c t s o f fu rosemide on the sod ium, potass ium and 
p r o t e i n c o n c e n t r a t i o n s i n the s e c r e t e d f l u i d and on the r a t e o f 
f l u i d s e c r e t i o n o f the i s o l a t e d r a b b i t pancreas are measured. 
F i g . 4.2 shows a t y p i c a l exper iment i n which 10 M furosemide 
i s added to the b a t h i n g medium a f t e r 1 h o f p r e i n c u b a t i o n . At 
t h i s c o n c e n t r a t i o n furosemide has no e f f e c t s on the sodium and 
p r o t e i n c o n c e n t r a t i o n s i n the s e c r e t e d f l u i d , w h i l e the 
po tass ium c o n c e n t r a t i o n is s l i g h t l y i n c r e a s e d . The r a t e o f 
f l u i d s e c r e t i o n decreases upon a d d i t i o n o f fu rosemide and 
reaches a s teady s t a t e value a f t e r about 10-30 m in . The mean r a t e 
o f f l u i d s e c r e t i o n i n the 90-120 min p e r i o d amounts to 65% 
(SE=4.5; n=5) o f the o r i g i n a l s e c r e t o r y r a t e (30-60 min p e r i o d ) . 
A f t e r removal o f the furosemide the s e c r e t i o n r e t u r n s to i t s 
o r i g i n a l va lue i n about 10 m i n , i n d i c a t i n g t h a t the e f f e c t o f 
fu rosemide i s f u l l y r e v e r s i b l e . 
-4 Furosemide added i n a c o n c e n t r a t i o n o f 10 M has no e f f e c t s 
on the sod ium, potass ium and p r o t e i n c o n c e n t r a t i o n s i n the 
s e c r e t e d f l u i d . N e i t h e r does i t a f f e c t the r a t e o f f l u i d s e c r e t i o n 
which i s 99% (SE=5.0 ; n=4) o f the o r i g i n a l s e c r e t o r y r a t e d u r i n g 
-4 i n c u b a t i o n w i t h 10 M f u r o s e m i d e . 
4.2.3 Combined effects of furosemide and acetazolamide on fluid 
secretion 
F i g . 4 .3 shows a t y p i c a l exper iment i n which a f t e r 1 h p r e -
- 3 - 3 
i n c u b a t i o n 10 M ace tazo lamide and a f t e r 2 hrs 10 M furosemide 
i s added to the e x t e r n a l medium o f the i s o l a t e d r a b b i t pancreas . 
The r a t e o f f l u i d s e c r e t i o n decreases upon a d d i t i o n o f a c e t a z o l -
amide, r each ing a p l a t e a u a f t e r about 20-30 min . When t h e r e a f t e r 
fu rosemide i s added, f l u i d s e c r e t i o n decreases f u r t h e r , r each ing 
a p l a t e a u again 20-30 min a f t e r fu rosemide a d d i t i o n . In t a b l e 4 .1 
the q u a n t i t a t i v e r e s u l t s are summarized. I t appears t h a t a f t e r 
ace tazo lamide a d d i t i o n 77% o f the o r i g i n a l r a t e o f f l u i d 
- 3 
s e c r e t i o n i s l e f t , and a f t e r a d d i t i o n o f 10 M furosemide in the 
t h i r d hou r , the r a t e goes down to 49%. The l a t t e r decrease ( t o 
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63% of the rate in the presence of acetazoiami de) is equal to that 
when only furosemide is added (cf. control value: 0.65). This 
indicates that furosemide has an additive effect. 
Tabi e 4.1 Effects of furosemide alone and in combination with 
acetazoiami de or ouabain on the rate of pancreatic fluid 
secreti on. 
Exper iments are p e r f o r m e d as shown i n f i g s . 4 .3 and 4 . 4 . 
The f o l l o w i n g p e r i o d s are d i s t i n g u i s h e d : p e r i o d I : 30-60 min 
( c o n t r o l p e r i o d , no i n h i b i t o r ) ; p e r i o d I I : 90-120 min ( a c e t a z o l -
amide or ouabain p r e s e n t ) ; p e r i o d I I I : 150-180 min ( f u r o s e m i d e 
p r e s e n t w i t h a c e t a z o i a m i de or ouabain) 
addition in 
second hour 
control* 
acetazolamide (10"3M) 
ouabain (10"6M) 
ouabain (10 M) 
f1 ui d secretion 
period II 
period I 
0.77 + 0.03 
0.63 + 0.07 
0.18 + 0.04 
ratio 
period 
, period 
0.65 + 
0.63 + 
0.62 + 
0.63 + 
III 
II 
0.05 
0.05 
0.07 
0.02 
η 
5 
4 
5 
3 
c o n t r o l : i n the second hour no drug i s added. A f t e r 120 min 
10" J M f u r o s e m i d e i s added t o the b a t h i n g medium. 
Values are g i v e n as r a t i o s w i t h SE and the number o f 
e x p e r i m e n t s ( n ) . 
4.3.4 Combined effects of furosemide and ouabain on fluid 
secretion 
F i g . 4 .4 shows a t y p i c a l e x p e r i m e n t i n which a f t e r 1 h p r e -
_ с _ q 
i n c u b a t i o n 10 M ouabain and a f t e r 2 hrs 10 M f u r o s e m i d e i s 
added t o the b a t h i n g medi urn o f the i s o l a t e d r a b b i t p a n c r e a s . 
Upon a d d i t i o n o f ouabain t o the b a t h i n g medium the f l u i d 
s e c r e t i o n r a t e d e c r e a s e s , r e a c h i n g a steady s t a t e v a l u e a f t e r 
_ 3 
20-30 m i n . When f u r o s e m i d e (10 M) i s added 1 h l a t e r , a f u r t h e r 
decrease i n f l u i d s e c r e t i o n r a t e o c c u r s . From t a b l e 4 . 1 i t 
appears t h a t 10 M ouabain reduces f l u i d s e c r e t i o n t o 63% and 
- 5 10 M ouabain t o 18% o f the o r i g i n a l l e v e l i n the 30-60 min 
p e r i o d o f i n c u b a t i o n . When a f t e r ouabain a d d i t i o n f u r o s e m i d e i s 
added, the s e c r e t i o n r a t e decreases i n b o t h cases t o the same 
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extent (62 and 63%) as it does under control conditions ( 6 5 % ) , 
again indicating that fu-rosemide has an additive effect. 
secreted fluid 
(i j|/10min) 
150 
100 
time(h) 
•3U Fig. 4.3 Effect of fuvosemide (10 'M) on pansreat-ic fluid 
secretion, added 1 h after acetazolamide (10~ M). Horizontal 
bars indicate the -presence of acetazolamide and fvrosemide in 
the bathing medium. 
Representative for 4 experi*nents. 
secreted (luid • 
( i i l / l O m i n ) 
ouabain ( 1 0 ' 6 M ) 
^шгш^ш?^ 
— 3 Fig. 4.4 Effect of furcsemide (10 M) an pancreatic fluid 
secretion, added 1 h after ouabain (10 Mi. Horizontal bars 
indicate the presence of ouabain and furosemide in the bathing 
medium. 
Representative for 5 experiments. 
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4. ?,. b Effect of medium composition on the action of furosemide 
From the previous sections it is clear that furosemide inhibits 
pancreatic fluid secretion in a different way as is reported for 
ouabain and acetazolami de. To investigate the basis of action, 
the composition of the bathing medium is changed. So the effect 
on the rate of fluid secretion is studied in a Cl'-free, 
bicarbonate-free and low pH medium. The effects are summarized 
in table 4.2. 
Replacement of chloride by isethionate results in a 59% 
inhibition of the fluid secretion rate. Replacement of bicarbonate 
by acetate or a low pH medium results in a 37% reduction in flow 
- я 
rate. Subsequent addition of 10 M furosemide results in a 
further inhibition of the fluid secretion rate which is slightly 
larger as compared to the effect of furosemide in a normal KRB-
medium. Only in a bicarbonate free medium the effect of 
furosemide is significantly higher than in a normal KRB medium 
(60 vs. 35% inhibition). 
Table 4.2 E f f e c t s o f f u r o s e m i d e on p a n c r e a t i c r a t e o f f l u i d 
s e c r e t i o n i n a c h l o r i d e - f r e e , b i c a r b o n a t e - f r e e and low pH 
envi ronment 
Exper iments are c a r r i e d out as f o l l o w s : f i r s t h o u r , normal KRB-
medium p r e s e n t ; second h o u r , c h l o r i d e - f r e e , b i c a r b o n a t e - f r e e o r 
low-pH medium p r e s e n t ; t h i r d h o u r , the same as the second hour 
but w i t h lO'^M f u r o s e m i d e p r e s e n t . 
compos i t i o n 
b a t h i n g medium 
c h l o r i d e - f r e e 
b i c a r b o n a t e - f r e e 
low-pH (pH=6.8) 
f l u i d s e c r e t i о 
p e r i o d I I 
p e r i o d I 
0 . 4 1 + 0.03 
0.63 + 0.04 
0.63 + 0.07 
η r a t i o 
p e r i o d 
p e r i o d 
0.56 + 
0.40 + 
0.49 + 
I I I 
I I 
0.04 
0.04 
0.07 
η 
4 
3 
3 
P e r i o d s I , I I and I I I r e p r e s e n t the average r a t e o f f l u i d 
s e c r e t i o n i n t h e 30-60 min p e r i o d o f t h e f i r s t , second and 
t h i r d h o u r , r e s p e c t i v e l y . 
Values are g i v e n w i t h SE and the number o f e x p e r i m e n t s ( n ) . 
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4.4. Discussion 
4.4.1 Contribution of the acinar cells to fluid secretion in the 
rabbit pancreas 
There are several indications that the secretory fluid in the 
pancreas originates from two sources. The ductular cells secrete 
a bicarbonate-rich fluid, which can be stimulated by secretin, 
whereas the acinar cells secrete a chi ori de-ri eh fluid, which 
secretion can be stimulated by pancreozymin (Sewell and Young, 
1975; Petersen and Ueda, 1977). In addition there would be a 
chloride/bicarbonate exchange system in the main duct, which is 
able to modify the anion composition of the secretory fluid 
(Case et al., 1969; Way and Diamond, 1970; Swanson and Solomon, 
197 3 ) . The final composition of the secreted fluid will thus be 
determined by two factors: 1. the ratio in which the two acinar 
and ductular cells contribute to the total secretion and 2. the 
rate of fluid secretion, which determines the extent to which 
the chloride/bicarbonate carrier is able to modify the 
composition of the secretory fluid. At maximal secretory rates 
the effect of the latter exchange mechanism is small, which 
allows to estimate the ratio of the two secretory fluid secretion 
processes. The bicarbonate concentration of the secreted fluid 
is then a measure for the secretion originating from the ductular 
cells. In the cat this concentration reaches a maximum of 145 mM 
(Case et al., 1 9 6 9 ) , indicating that the acinar cell contributes 
little fluid. However, even in the cat micropuncture studies 
have shown that the secretory fluid in the acinar region has a 
high chloride content (Lightwood and Reber, 1 9 7 7 ) , suggesting that 
the acinar cells do secrete some fluid. In the rat and in the 
rabbit the bicarbonate concentration does not exceed 80 mM 
(Sewell and Young, 1 9 7 5 ) , indicating that in these species the 
contribution of the acinar cells is about as large as that of 
the ductular cells. A model for the fluid secretion mechanism 
in the rabbit pancreas thus needs to take into account both 
types of cells. 
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4.4.2 Role of Ila -К -ATPase in fluid secretion 
N a + - K + - A T P a s e plays an essential role in fluid secretion, 
since inhibition of this enzyme by ouabain may lead to complete 
inhibition of fluid secretion (Ridderstap and Bonting, 1 9 6 9 b ; 
Case and Scratcherd, 1974; Swanson and Solomon, 19 7 5 ) . Replacement 
of sodium chloride by sucrose, choline chloride or potassium 
chloride also leads to a complete inhibition of fluid secretion 
(chapter 3 ) . Originally it was postulated that Na -K -ATPase 
is directly involved in fluid secretion by extruding Na across 
the apical membrane (Ridderstap and Bonting, 1 9 6 9 . ) . This is now 
unlikely for two reasons. 
The localization of the Na -K -ATPase system is more likely 
on the basolateral membrane than on the apical membrane. This has 
been shown to be the case in a wide variety of epithelial cells, 
such as frog skin (Mills et al., 1 9 7 7 ) , frog gall bladder(Mills 
and Dibona, 1 9 7 8 ) , avian salt gland (Ernst and Mills, 1977) and 
eccrine sweat gland (Quinton and Tormey, 1976) and recently also 
in pancreatic ductular cells (J.H. Poulsen, personal communication). 
In chapter 3 we have shown that sodium (and potassium) ions 
enter the secreted fluid of the rabbit pancreas passively through 
the paracellular route. This suggests that the enzyme is 
primarily functioning in maintaining a Na gradient across the 
basolateral membrane. 
4.4.2 Biaarbonate transport mechanism 
Assuming that Na ions reach the secretory fluid through a 
passive transport mode, it would seem reasonable to assume active 
transport of bicarbonate ions in the ductular secretion process. 
Previously a role of a bicarbonate sensitive ATPase was 
postulated for pancreatic anion transport (Simon et al., 1972; 
Wizemann et al . , 1 9 7 4 ) . This now seems to be unlikely, since we 
have shown that there is no plasma membrane located anion 
sensitive ATPase in rat pancreas (Van Amelsvoort et al., 1978) 
and several other tissues where active bicarbonate or proton 
transport appears to occur. Bicarbonate transport from cell to 
lumen could be accompanied by H ion transport from cell to 
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interstitial fluid. This possibility is supported by the 
observation that fluid secretion decreases when the pH of the 
perfusion medium (Case et al., 1979) or the bathing medium 
(Swanson and Solomon, 1972, 1975; this chapter) is lowered. The 
large amount of bicarbonate secreted during fluid secretion 
suggests that carbonic anhydrase plays a role. The carbonic 
anhydrase inhibitor acetazolami de does indeed inhibit fluid 
secretion (Birnbaum and Hollander, 1953; Ridderstap, 1969 : this 
О 
c h a p t e r ) . The carbonic anhydrase would catalyze the intracellular 
hydration of COj forming HjCO-, which then dissociates into H 
and HCO,. Bicarbonate ions in the bathing or perfusion medium 
can be replaced by other proton donors, like sulphamerazine 
(Schulz et al., 1971b) and acetate (Swanson and Solomon, 1975; 
Case et al., 1979; this chapter) without loss of fluid secretion. 
In that case acetazolami de does not inhibit fluid secretion 
(Swanson and Solomon, 1975; Case et al., 1 9 7 9 ) , which confirms 
the role of carbonic anhydrase in bicarbonate secretion. 
4.4.4 Relation between basolateral Ila -gradient and apiaal 
bicarbonate transport 
We have already indicated that bicarbonate transport across 
the apical membrane of the ductular cell would be accompanied 
by proton transport across the basolateral membrane. When 
bicarbonate in the bathing medium is replaced by another proton 
donor (sulphamerazine or a c e t a t e ) , which does not reduce the 
fluid secretion, the proton extrusion across the basolateral 
membrane is presumably maintained. This suggests that the 
primary process in bicarbonate secretion is the proton extrusion, 
which secondarily causes the apical extrusion of bicarbonate 
ions. 
The effect of the pH of the bathing medium (this chapter) on 
fluid secretion suggests that the proton extrusion occurs by 
means of a carrier mechanism. We have explained that the Na -K + -
ATPase system seems to function by maintaining a Na ion gradient 
across the basolateral membrane, which leads to passive N a + 
influx across this membrane. The proton efflux and Na influx are 
probably coupled in a Na /H antiport system (Swanson and Solomon, 
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1972). This would be in agreement with the additive inhibitory 
effect of ouabain and acetazolami de on fluid secretion (Ridderstap, 
1969a;this chapter). 
The spatial separation of proton and bicarbonate extrusion 
suggests that the basolateral membrane has a low anion 
permeability. The stimulation of fluid secretion by the ductular 
cell by secretin suggests that this hormone increases the anion 
permeability of the apical membrane. Secretin would mediate its 
effect through cAMP by activating the adenylate cyclase in the 
basolateral membrane of the ductular cell (see section 1.9.1). 
Cyclic AMP may phosphorylate a specific protein in the apical 
membrane. 
4.4.5 Mechanism of furosemide inhibition of pancreatic fluid 
secretion 
Furosemide (10 M) inhibits pancreatic fluid secretion for 
35% in a reversible way, whereas a ten times lower concentration 
has no effect. The additive inhibitory effect of furosemide 
and ouabain and of furosemide and acetazolami de (Table 4.1) 
suggests that furosemide does not attack the Na -K -ATPase 
or carbonic anhydrase systems. This conclusion is further 
supported by our observation that furosemide does not inhibit 
highly purified Na -K -ATPase from rabbit kidney outer medulla 
(Table 2.1), in contrast to the conclusion of Case and Scratcherd 
(1974) for cat pancreas. The fact that it inhibits fluid 
secretion in a bicarbonate-free acetate medium (Table 4.2) 
supports the conclusion that it does not attack the carbonic 
anhydrase system. 
This leaves the possibility that furosemide acts on the 
Na /H carrier in the ductular cells or on the Na /CI" carrier 
in the acinar cells. Furosemide is a well known diuretic and it 
inhibits chloride transport in dogfish rectal gland (Silva et al., 
1977) and killifish brain(Degnan et al., 1977). Since in plasma 
membrane vesicles of dogfish rectal gland a neutral Na +/Cl" 
carrier seems to operate and furosemide only inhibits sodium 
uptake in the presence of chloride ions (Eveloff et al., 1978), 
it appears to inhibit the neutral Na +/Cl" carrier (Frizell et al., 
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1979). 
However, in rabbit pancreas furosemide still inhibits fluid 
secretion in a chi ori de-free medium. Also, under conditions 
which inhibit the ductular fluid secretion system more than the 
acinar fluid secretion (acetazolami de, absence of bicarbonate, 
low p H ) , there is no stronger effect of furosemide. This suggests 
that it inhibits other neutral carriers as well. Furosemide 
inhibition of the Na / H + carrier has been postulated by Frömter 
and Gebner(1975) for the rat proximal tubule. In addition, 
furosemide has recently been shown to inhibit К -К exchange 
(Bakker-Grunwal d, 1978) and с Г - C l " exchange (Aull et al., 1977) 
in Ehrlich ascites cells. 
4.4.6 A model for panoveatia fluid seoreticn 
The tentative conclusion reached in the preceding sections 
of this chapter have been incorporated in a model for pancreatic 
fluid secretion (fig. 4 . 5 ) . In the ductular cell the formation 
and dissociation of HpCCU with the extrusion of bicarbonate on 
the apical and protons on the basolateral side is shown. The 
proton extrusion by a Na -H'1" antiport and the pull exerted on 
this antiport by the baso lateral Na +-K-ATPase system is also shown. 
Finally the effect of secretin on the HCO, extrusion by means 
of cAMP is indicated. The passive secretion of Na and К through 
the paracellular pathway is also included. 
In the acinar cell a mechanism as postulated by Frizzell et 
al. (1979) for other fluid-secreting leaky epithelia is in­
corporated. Instead of a Na /H antiport a Na /Cl~ symport 
system is postulated on the basolateral side. It is driven again 
by the Na -K -ATPase system. On the apical side there would be 
a CI extrusion system and the emerging Cl" ions are compensated 
by Na and К ions (moving passively through the paracellular 
p a t h w a y ) . The Cl" permeability of the apical membrane would be 
increased by pancreozymin and acetylcholine through the 
2 + 
mediation of cAMP and/or Ca , possibly again through 
phosphorylation of a protein of the apical membrane. 
We have previously noted that in the rabbit pancreas the 
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Fig. 4.5 Model for fluid secretion by ductular and acinar 
cells of the •pancreas. 
a c i n a r and d u c t u l a r s e c r e t o r y processes appear t o c o n t r i b u t e i n 
a p p r o x i m a t e l y equal amounts t o the f l u i d s e c r e t i o n , whereas i n 
the c a t pancreas the a c i n a r c e l l s make o n l y a minor c o n t r i b u t i o n . 
T h i s e x p l a i n s why a c e t a z o l a m i de g i v e s o n l y a 20-25% r e d u c t i o n 
i n the r a b b i t ( R i d d e r s t a p , 1 9 6 9 , ; t h i s c h a p t e r ) , whereas i n the 
α 
cat 67% inhibition is found (Case et al., 1979). The same is 
true for the observation that much higher acetate concentrations 
are found in the fluid secreted by the cat pancreas (Case et al., 
1979) than by the rabbit pancreas (Swanson and Solomon, 1975) 
after replacement of bicarbonate by acetate in the medium. There 
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is, however, one point which does not easily fit this model, viz. 
the fact that replacement of chloride by isethionate leads to 
60% inhibition of the fluid secretion in the rabbit pancreas 
(this chapter) and to 70% inhibition in the case of the cat 
pancreas (Case et al., 1979). In the cat much less inhibition 
would have been found, since in the cat the acinar cell 
contribution to fluid secretion is of minor importance only. 
Case et al. (1979) assume the additional presence of a Cl /HCO. 
carrier on the basolateral or luminal membrane, which would be 
involved in bicarbonate transport into or out of the cell. We 
have not shown the presence of such a carrier in our model. 
Neither does our model show the neutral HCO^/Cl" carrier in the 
main duct, which plays a role in modifying the fluid composition 
at low secretory rates. 
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CHAPTER 5. PERMEABILITY OF THE PARACELLULAR ROUTE FOR 
CALCIUM AND MAGNESIUM IONS 
5.1 Intro duct i on 
Experiments aimed at elucidating the molecular mechanism of 
pancreatic fluid secretion have been described in chapter 3 and 
4. In chapter 3 indirect evidence was obtained indicating that 
sodium and potassium ions reach the secretory fluid through a 
paracellular route. The concentrations of calcium and magnesium 
in the secreted fluid, in contrast to those of the monovalent 
cations, are lower than those in the extracellular fluid 
(Zimmerman et al., 1967; Goebell et al., 1972; Argent et al., 
1973; Ceccarelli et al., 1975; Schreurs et al., 1976 b). 
From a previous study in our laboratory (Schreurs et al., 
1976,) it appears that the divalent cations in the fluid 
secreted by the isolated rabbit pancreas originate from two 
sources: one part is secreted along with the secretory proteins, 
whereas another part originates directly from the extracellular 
fluid. The latter fraction traverses the paracellular pathway, in 
which the tight junctions form the main barrier. This pathway is 
also permeable to small non-electrolytes, like mannitol and 
sucrose, and the permeability for these substances is enhanced 
by cholinergic agents and pancreozymin (Schreurs et al., 1975; 
chapter 6 ) . The permeability increase is not a direct consequence 
of the stimulation of the enzyme secretion, but probably 
represents a separate effect of these agents (see chapter 6 and 
7 ) . 
In this chapter we report studies of the characteristics of 
the paracellular route for calcium and magnesium ions. The 
permeability for these ions is determined in the resting state 
and after addition of pancreozymin and carbachol at two 
different levels. The experiments have been carried out in 
collaboration with Dr. V.V.A.M. Schreurs (currently Dept. of 
Animal Physiology, Agrie. Univ. Wageningen). 
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5.2 M a t e r i a l s and Methods 
5.2.1 General 
The m a t e r i a l s , the p r e p a r a t i o n o f the r a b b i t panc reas , the 
i n c u b a t i o n medium, the i n c u b a t i o n and sample c o l l e c t i o n procedures 
and the assay methods are desc r i bed i n chap te r 2 . 
5.2.2 Non-radioaattve experiments 
Calcium cone 
( m M ) 
[CaJ|] bath 
[Co2 ] juice 
• prot cone 
_ Protein cone secreted 
fluid ( u g / u l ) 
Fig. 5.1 Calcium secretion in the resting isolated rabbit 
pancreas. A typical experiment in which during four successive 
hours, every hour the calcium concentration in the incubation 
KRB-medium has been changed. In the secreted fluid protein 
(-o-o) and calcium (- - -) and in the bath only calcium ( ) 
has been measured. 
A f t e r 1 h p r e i n c u b a t i o n i n KRB-medium, the medium i s 
r e p l a c e d every hour (up to 4 t imes per expe r imen t ) by f r e s h KRB-
medium w i t h a ca l c ium c o n c e n t r a t i o n v a r y i n g between 0 and 3.5 
mM. F i g . 5 . 1 shows a t y p i c a l exper iment i n which the i s o l a t e d 
r a b b i t pancreas i s incuba ted d u r i n g f o u r 1 h - p e n o d s w i t h 
d i f f e r e n t ca l c i um c o n c e n t r a t i o n s . Calc ium i n the s e c r e t e d f l u i d 
appears to e q u i l i b r a t e w i t h t h a t i n the i n c u b a t i o n medium w i t h i n 
30 m i n , hence the l a s t t h ree 10-minute f r a c t i o n o f every hour 
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are used f o r c a l c u l a t i o n s . 
The p a n c r e a t i c f l u i d i s c o l l e c t e d i n lO-min f r a c t i o n s i n p r e -
weighed p l a s t i c v i a l s , which are then weighed a g a i n . A 5 μ ΐ - s a m p l e 
i s taken from each f r a c t i o n f o r d e t e r m i n a t i o n o f p r o t e i n and 
a 20 μΐ-sample f o r d e t e r m i n a t i o n of t o t a l c a l c i u m . 
For magnesium the e x p e r i m e n t s are c a r r i e d o u t i n s i m i l a r f a s h i o n . 
5 . 2 . 3 Assai/ Methods 
T o t a l c a l c i u m and magnesium c o n c e n t r a t i o n s are d e t e r m i n e d i n 
two ways : 
a. In the n o n - r a d i o a c t i v e e x p e r i m e n t s they are d e t e r m i n e d by 
atomic a b s o r p t i o n p h o t o m e t r y as d e s c r i b e d i n s e c t i o n 2 . 5 . 3 ; 
b. when a t r a c e r i s used d u r i n g the e x p e r i m e n t s , t o t a l c a l c i u m 
o r magnesium i s d e t e r m i n e d on a m i c r o s c a l e w i t h a c a l c i u m o r 
magnesium Rapid S t a t k i t ( P i e r c e Chemical C o . , R o c k f o r d , I I , 
USA). The b l u e c o l o r o f t h e c a l c i u m complex o f m e t h y l - t h y m o l or 
t h e red magnesium complex o f c a l m a g i t e are measured s p e c t r o -
p h o t o m e t r i c a l l y . 
5.3 R e s u l t s 
5.3.1 nesting pancreas 
The permeability of the paracellular route in the isolated 
rabbit pancreas for calcium and magnesium ions can be 
determined in two ways. First, a direct measurement can be 
4 Я ? Я 
obtained by adding either Ca or Mg to the bathing medium 
and measuring the ratio between the isotope concentration in 
secreted fluid and bathing medium. This is possible, since 
calcium and magnesium, secreted in association with the proteins 
do not exchange with their radioactive tracers during the time 
course of such an experiment (Schreurs et al., 1979). This 
method gives a value for calcium of 26.0 + 1.4% (n=12) and for 
magnesium of 18.0 + 1.5% (n=12). Alternatively, the calcium and 
magnesium concentrations of the secreted fluid of the unstimulated 
rabbit pancreas can be measured directly. The values obtained in 
61 
і^  Tabi e 5.1 Determination of the paracellular permeability for calcium and magnesium 
by the chemical method and the tracer method. 
cal ci um 
magnesi um 
f l u i d 
s e c r e t i o n 
μ1/30 min 
332 + 26 
320 + 29 
p r o t e i n 
s e c r e t i o n 
mg/30 min 
1.12 +0.18 
1.91 +0.27 
medi um 
cone, o f 
c a t i o n 
mM 
2.58 +0.07 
1.29 +0.10 
p r o t e i η 
bound 
c a t i o n 
nmol/mg 
p r o t e i η 
21 + 2 . 0 * 
24 + 2 . 8 * 
c o n c e n t r a t i o n i n s e c r e t e d f l u i d 
( i n % o f medium c o n c e n t r a t i o n ) 
t o t a l 
29.3 + 1.7 
32.8 + 3.0 
chemical 
method ** 
26.5 + 1.8 
20.7 + 3.8 
t r a c e r 
method 
26.0 + 1.4 
18.0 + 1.5 
η 
12 
12 
from Schreurs et al., 1976. . 
corrected for protein. 
Values are given with standard error and in the last column the number of determinations ( n ) . 
t h i s case are 29.3 + 1.7% (n=12) f o r ca l c i um and 32.8 + 3.0% 
(n=12) f o r magnesium, both values be ing expressed as percentage 
of t h e i r r e s p e c t i v e c o n c e n t r a t i o n s i n the b a t h i n g medium. These 
two values must be c o r r e c t e d f o r the d i v a l e n t ions a s s o c i a t e d 
w i t h the smal l amounts o f sec re ted p r o t e i n s (21 nmol Ca and 24 
nmol Mg per mg p r o t e i n ; Schreurs e t a l . , 1976^) .The c o r r e c t e d 
values are shown i n Table 5 . 1 . The c o r r e c t i o n i s much l a r g e r f o r 
magnesium than f o r ca l c i um i o n s , due to the f a c t t h a t the magnesium 
c o n c e n t r a t i o n in the b a t h i n g medium (1 .2 mM) i s lower than the 
ca l c ium c o n c e n t r a t i o n (2 .5 mM). The r e s u l t i n g r a t i o ' s f o r ca l c ium 
and magnesium are 27 + 1.8 and 21 + 3.8% r e s p e c t i v e l y , which 
r a t i o ' s do not d i f f e r s i g n i f i c a n t l y from those ob ta i ned w i t h the 
t r a c e r method (26 + 1.4 and 18 + 1.5%). 
The exper iments desc r i bed i n the p rev ious paragraph have been 
c a r r i e d out i n a normal K r e b s - R i n g e r - b i c a r b o n a t e medium. In 
o rde r to see whether the magnitude o f the e x t r a c e l l u l a r f l u x 
depends on the e x t r a c e l l u l a r ca l c ium and magnesium c o n c e n t r a t i o n s , 
we have v a r i e d these c o n c e n t r a t i o n s between 0 . 1 and 4 mM and 
have measured the r e s u l t i n g c o n c e n t r a t i o n s i n the s e c r e t e d f l u i d 
a f t e r e q u i l i b r i u m has been e s t a b l i s h e d . The b a t h i n g c o n c e n t r a t i o n s 
are v a r i e d i n a random sequence. Samples are taken at f o u r 
d i f f e r e n t t imes f rom each r a b b i t pancreas . The ca l c i um and 
magnesium c o n c e n t r a t i o n s i n the sec re ted f l u i d are c o r r e c t e d f o r 
the p r o t e i n - a s s o c i a t e d ion f r a c t i o n s as desc r ibed above. The 
r e s u l t i n g values are p l o t t e d aga ins t the e x t r a c e l l u l a r con-
c e n t r a t i o n s o f ca l c ium ( f i g . 5 .2) and magnesium ( f i g . 5 . 3 ) . In 
both f i g u r e s t h e r e i s a p o s i t i v e c o r r e l a t i o n between the 
c o n c e n t r a t i o n s in the s e c r e t e d f l u i d and the b a t h i n g medium. The 
s lope o f the r e g r e s s i o n l i n e f o r ca l c i um i s 31.2 + 4.0% and f o r 
magnesium 18.3 + 1.4%. These values are not s i g n i f i c a n t l y 
d i f f e r e n t f rom the values ob ta i ned w i t h the two methods 
d e s c r i b e d above. However, a d i r e c t comparison i s on l y p o s s i b l e 
when the r e g r e s s i o n l i n e s would go th rough the o r i g e n . This i s 
the case f o r magnesium ( f i g . 5 . 3 ) , bu t the r e g r e s s i o n l i n e f o r 
ca l c i um ( f i g . 5 .2 ) g ives an i n t e r c e p t o f 0 .21 + 0.08 mM, which i s 
s i g n i f i c a n t l y above the o r i g e n . This i n d i c a t e s t h a t i n a d d i t i o n 
to p r o t e i n - a s s o c i a t e d ca l c i um and ca l c i um o r i g i n a t i n g f rom the 
e x t r a c e l l u l a r medium a minor amount o f ca l c i um from another source 
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Calcium in balhing medium (mM) 
Fig. 5.2 Relation between free calcium concentration (total 
ninus protein-hound) in the secreted fluid and the calcium 
concentration in the bathing nediwn under steady state 
condition. The points are derived from 10 experiments. 
Correlation coef-ricient 0.802. 
г э A 
Magnesium in bathing medium (mM) 
Fig.5.3 Pelation between the free magnesium concentration 
(total minus protein-bound) in the secreted fluid and the 
magnesium concentration in the bathing medium under steady 
state condition. The points are derived from 11 experiments. 
Correlation coefficient 0.843. 
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appears in the secreted fluid. This may represent leakage from 
the cells to the secreted fluid. The linearity of the relation 
between the concentrations of the two divalent cations in the 
secreted fluid and the bathing medium indicates that the 
paracellular permeability is independent of the extracellular 
concentration. 
5.3.2 Stimulated pancreas 
Addition of carbachol or pancreozymin to the bathing medium 
of the isolated rabbit pancreas does not only lead to enhanced 
enzyme secretion, but also to increased permeability of the 
paracellular route for divalent cations and the neutral 
molecule mannitol (Schreurs et al., 1975 and 1 9 7 6 b ) . 
The permeability increase depends on the concentration of the 
stimulant. When a high concentration of carbachol (10~ M) or 
45 pancreozymin (600 U/l) is used, the concentrations of Ca and 
о о 
Mg i n t h e s e c r e t e d f l u i d i n c r e a s e a f t e r s t i m u l a t i o n , reach a 
maximum a f t e r 20-40 m i n , whereupon a s l i g h t decrease occurs 
? ft 45 
( e . g . see f i g . 5.4 f o r Mg; w i t h Ca a same p a t t e r n i s s e e n ) . 
с
 v 
Ц 
add 2 e M g 
to medium 
r1 
^ o " - o -
add Ю"5 M Carbachol 
to medium 
1 · · Total magnésium 
¿ / " í « · 2eMagnesium 
ι'· \ a о Protein 
! \ 
h \ j L ^ • - 50 S 
Fig. 5.4 Magnesium secretion in the pancreatic fluid before 
and after stimulation with 10~^ carbachol. During the entire 
experimental period the tracer is present in the medium, which 
also contains 1.2 mM non-radioactive magnesium. Typical for 
three experiments. 
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Tabi e 5.2 E f f e c t s o f c a r b a c h o l and cancreozynnn on the p a r a -
л г o n 
c e l l u l a r p e r m e a b i l i t y f o r Ca and Mg. 
Ca and Mg are added i n t r a c e amounts t o the b a t h i n g medium 
o f the i s o l a t e d r a b b i t p a n c r e a s . A f t e r 60 min i n c u b a t i o n the 
s t i m u l a n t s are added i n the c o n c e n t r a t i o n s i n d i c a t e d . 
P e r i o d I : 30-60 min ( c o n t r o l p e r i o d ) ; p e r i o d I I · 80-100 min 
(peak p e r i o d ) , p e r i o d I I I : 120-150 min ( s t e a d y s t a t e p e r i o d ) . 
s t i mul ant 
c o n t r o l 
c a r b a c h o l 
10"6M 
10"5M 
pancreozymiη 
60 U/l 
600 U/l 
Ca concent 
p e r i o d I I/ I 
1.0 + 0 . 1 
1.3 + 0 . 1 
2.6 + 0.5 
1.6 + 0.2 
2.5 + 0 . 1 
r a t i o n r a t i o 
p e n od 111/ I 
1.0 + 0 . 1 
1.4 + 0 . 1 
2.1 + 0.5 
1.5 + 0.2 
2 . 1 + 0.4 
2 ñ 
Μα c o n c e n t r a t i o n r a t i o p e r i o d 1 1 / I 
1.0 + 0 . 1 
1.4 + 0 . 1 
2.3 + 0.4 
1.2 + 0.2 
3.3 + 0 . 1 
p e n od 111/ I 
1.0 + 0 . 1 
1.4 + 0 . 1 
1.9 + 0 . 1 
1.3 + 0.2 
2.8 + 0 . 1 
R e s u l t s f o r t h r e e e x p e r i m e n t s are g i v e n w i t h s t a n d a r d e r r o r s . 
The s t e a d y s t a t e c o n c e n t r a t i o n , which i s reached 60 min a f t e r 
a d d i t i o n o f the s t i m u l a n t , i s always h i g h e r than b e f o r e 
s t i m u l a t i o n . When a l o w e r c o n c e n t r a t i o n o f c a r b a c h o l (10~ M) or 
pancreozymin (60 U/l) i s u s e d , the c o n c e n t r a t i o n s o f t h e r a d i o ­
a c t i v e d i v a l e n t c a t i o n s a lso i n c r e a s e a f t e r a d d i t i o n of the 
s t i m u l a n t , but i n t h i s case the steady s t a t e l e v e l i s reached 
a f t e r 30 mm and i s not preceded by a t r a n s i e n t peak. 
Table 5.2 summarizes the r e s u l t s o f these e x p e r i m e n t s . The 
i s o t o p e c o n c e n t r a t i o n s i n the 30-min p e r i o d b e f o r e a d d i t i o n of 
the s t i m u l a n t are s e t at one and the c o n c e n t r a t i o n s i n the 
20-40-min p e r i o d ( p e r i o d I I ) and the 60-90-min p e r i o d ( p e r i o d 
I I I ) are r e l a t e d t o t h a t in the c o n t r o l p e r i o d . This t a b l e 
shows t h a t the p a t t e r n o f i n c r e a s e depends much more on the 
s t i m u l a n t c o n c e n t r a t i o n than on the t y p e o f s t i m u l a n t used. 
The r e l a t i v e i n c r e a s e s i n p e r m e a b i l i t y are a p p r o x i m a t e l y the 
same f o r the two d i v a l e n t c a t i o n s . 
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5.4 Di scussi on 
In a previous study (Schreurs et al., 1976. ) we have shown 
that the divalent cations in the pancreatic fluid represent two 
fractions: a protein-dependent fraction and a fraction which is 
independent of the amount of secreted protein. The latter appears 
to be of extracellular origin, passing through the paracellular 
route between the cells. In the present study we have investigated 
the properties of this route in more detail. 
The magnitude of the paracellular flux can be determined either 
directly using tracers of the divalent cations or by means of 
measurement of the divalent cation composition of the secreted 
fluid in relation to that of the bathing medium. In the latter 
case a correction for the contribution of protein-bound divalent 
cations in the secreted fluid is necessary. This correction is 
larger for magnesium ions, which are present in relatively lower 
concentration in the bathing medium. After this correction, the 
resulting values are the same for both methods (table 5.1). 
In the previous study (Schreurs et al., 1976.) we have shown 
that the magnitude of the extracellular flux is much smaller when 
calcium and magnesium are omitted from the bathing medium. By 
varying the extracellular divalent cation concentrations between 
0 and 4 mM, we have now demonstrated that the magnitude of 
the paracellular flux is linearly determined by the extra-
cellular concentration of each cation. This indicates that the 
paracellular flux of the two cations represents a passive 
process of permeation. From the slope of the lines obtained by 
plotting the paracellular flux against the extracellular calcium 
and magnesium concentrations, a third value for the permeability 
of the paracellular route has been obtained. This value is not 
significantly different from those derived from the other two 
methods (tracer method and chemical method). 
The permeability of the resting pancreas for calcium ions is 
larger than for magnesium ions. In the next chapter it will 
be demonstrated that the permeability through the paracellular 
route depends on the molecular size of the permeating 
substance. Since the hydrated magnesium ion - in contrast to the 
unhydrated ion- is larger than the hydrated calcium ion, we 
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conclude that most likely the hydrated ions are the permeating 
entities. 
We have also investigated the properties of the paracellular 
permeability for divalent cations after stimulation with carbachol 
and pancreozymin at two different concentrations. For the sake 
of accuracy we have chosen the isotope method. This method 
does not require correction for the protein-bound cations in 
the secreted fluid, which correction is rather large in the 
case of the stimulated pancreas. 
The relative increase in permeability for both divalent 
cations are approximately equal. The magnitude and time courses 
of the permeability increase does not depend on the type of 
stimulant, when they are compared at either the higher or the 
lower level of stimulant (table 3 . 2 ) . There is, however, a 
similar difference between the effects at the two levels. At 
high stimulant level the permeability first increases by a 
factor 2-3, then decreases slightly. At low stimulant level 
the increase is much smaller (1.2-1.6 times) and a steady state 
is reached without passing through a peak. 
These findings indicate that stimulants of the enzyme 
secretion process lead to a rather unspecific, but dose-
dependent increase in the permeability of the paracellular route 
for a number of substances like divalent cations and small non-
electrolytes. The parallelism between the dose dependency of the 
effects of pancreozymin and carbachol suggests that both 
stimulants may act through a common mechanism. In the next two 
chapters we will further investigate the two observed phenomena: 
enzyme secretion followed by increase in permeability. 
However, the nature of the mechanism by which pancreozymin and 
carbachol induce the increase in permeability of the para-
cellular pathway remains to be established. 
A key question is: what is the significance of the para-
cellular permeability, and in particular of its increase after 
stimulation with the stimulants of the enzyme secretion? Related 
observations in other organs and species will be dicussed in 
chapter 7. Here the significance of the increased permeability 
for ions will be discussed in relation to a possible physiological 
rol e. 
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A relatively large paracellular transepitheli al permeability 
is a property of many epithelial tissues. We have found strong 
indications in chapter 3 that Na + and K + also permeate by this 
route. Assuming that anions are primarily secreted by the fluid-
secreting cells, then the paracellular pathway could serve for 
the passive transport of monovalent cations, required for 
electroneutrality. 
The increase in permeability is not useful for the monovalent 
cations, since their permeability is already maximal in the 
resting state. However, it could be that the secreted proteins, 
once they have been released from the zymogen granules into the 
secretory fluid, need additional divalent cations for their 
activity. These are then made available by the increased 
permeability of the paracellular route. Calcium ions play a 
role in maintaining the molecular integrity of amylase (Stein 
et al., 1 9 6 4 ) , trypsinogen and chymotrypsinogen (Delaage and 
Lazdunski, 1967) and lipase (Benzonana, 1 9 6 8 ) . They are also 
required for the conversion of trypsinogen into trypsin 
(Desnuelle and Gabeloteau, 1957) as well as for the activity 
of trypsin, lipase and phospholi pase A- (Sipos and Merkel, 
1970; Sarda et al., 1957; De Haas et al., 1 9 7 1 ) . Although a role 
for magnesium is not yet known, they may also be needed for the 
activity of certain pancreatic enzymes. 
Another explanation for the benefit of the permeability 
increase would be that it favours the transport from blood to 
secretory fluid of other small molecules which would play 
a role in the intestinal digestion process. Further studies to 
establish the physiological role of the increase in permeability 
of the pancreas are obviously needed. 
69 
CHAPTER 6 NON-ELECTROLYTE PERMEABILITY IN THE ISOLATED RABBIT 
PANCREAS 
6.1 Introduction 
In the pancreas the transtubular potential difference is near 
zero (Schulz et al., 1969; Swanson and Solomon, 1973; Way and 
Diamond, 1970; Greenwell, 1977) and the secreted fluid is 
isosmotic with plasma or bathing medium (De Zilwa, 1904; 
Gilman and Cowgill, 1933; Case et al., 1968; Rothman and Brooks, 
1965 ) . These two properties are characteristic for a leaky 
epithelium (Frömter and Diamond, 1 9 7 2 ) , which implies that in-
organic ions and small non-electrolytes should easily pass from 
plasma or bathing medium to the ductular lumen of the pancreas. 
In previous studies (Schreurs et al., 1975, 1976. ; chapter 5) 
we have observed that calcium and magnesium ions are partially 
secreted via a paracellular transport way. Mannitol behaves in 
the same way. Potassium and sodium ions may also pass through 
this paracellular way, since the concentration of this ion in 
the secreted fluid follows that in the bathing medium when the 
latter concentration is raised (Case and Scratcherd; 1974, 
chapter 3 ) . In our studies on calcium we have observed that the 
permeability of the paracellular transport route is increased 
by addition of the acetylcholine derivative carbachol , which 
also stimulates the enzyme secretion. 
The purpose of the study described in this chapter is to 
investigate the properties of the paracellular transport route 
and in particular the permeability increase upon stimulation 
by carbachol. The experiments indicate that the permeability 
of the transcel 1ular transport route for various substances in 
the isolated rabbit pancreas is determined by their molecular 
size and that the increase in permeability induced by carbachol 
is not a consequence of its stimulation of exocytosis involved 
in enzyme secretion. 
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6.2 M a t e r i a l s and Methods 
6.2.1 General 
The materials, the preparation of the rabbit pancreas, the 
incubation medium, the incubation and sample collection procedure 
and the assay methods are described in chapter 2. 
6.2.2 Determination of the extracellular space 
R a b b i t pancreas f r a g m e n t s are p r e i n c u b a t e d i n the KRB-medium 
f o r 30 min and c o n t i n u o u s l y gassed w i t h c a r b o g e n e , a m i x t u r e o f 
95% 0 , and 5% CO, at 37 0 C. They are then t r a n s f e r r e d to a n o t h e r 
14 v e s s e l , c o n t a i n i n g the same medium t o which 0.4 μΟι' C-
substance/ml or 0.8 μΟί H - i n u l i n / m l has been added. The t o t a l 
i n c u b a t i o n t i m e a t 370C w i t h c o n t i n u o u s g a s s i n g by carbogene i s 
90 m i n . Carbachol i s added a f t e r 60 min f o r the r e m a i n i n g 30 
m i n . 
After incubation two 50 μ! supernatant medium samples are 
taken for counting. The tissue fragments are then quickly removed 
from the remaining medium and are blotted and weighed in pre-
weighed glass counting vials. Thereupon 2 ml hyamine hydroxide 
10-X is added to the fragments as well as to the 50 μΐ medium 
samples. After 16 hours at 50 oC the vial contents are thoroughly 
mixed. After cooling to room temperature 100 μ! 30% hydrogen 
peroxide (Merck, Darmstadt) is added to the vials, which are 
kept at 50 oC for 3 hours. After cooling again to room temperature 
10 ml Aquasol is added and after mixing radioactivity is 
measured by liquid scintillation spectrometry. Quenching is 
corrected for by means of the external standard method. 
The extracellular space for the radioactive substance (V ) , 
expressed as percent of total tissue water, is calculated by 
means of the formula: 
V = 50 χ ΙΟ 4 χ Cs χ 1 χ 1 
ΤΓ ¥ 100-D 
14 3 
where С i s the counts per minute o f C-substance or H - i n u l i n 
i n 50 μ ΐ i n c u b a t i o n medium, С i s the counts per minute o f C-
3 s 
substance or H - i n u l i n i n the p a n c r e a t i c f r a g m e n t s , W the wet 
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w e i g h t o f t h e f r a g m e n t s i n mg and D the average dry w e i g h t 
p e r c e n t a g e . 
6.S.Z Thin layer ohromatogvaphy 
Thin l a y e r chromatography of the s e c r e t e d f l u i d f o r 
d e t e r m i n a t i o n o f s u c r o s e and i t s p o s s i b l e m e t a b o l i t e s i s c a r r i e d 
out on ChromAR Sheet 500 u s i n g c h i o r o f o r m - m e t h a n o l - a c e t i с a c i d 
( 7 0 : 3 0 : 1 5 v/v) as d e v e l o p i n g s o l v e n t . A f t e r development the 
2 
sheet i s d r i e d and c u t i n 1 cm p i e c e s . Each p i e c e i s p l a c e d 
i n a c o u n t i n g v i a l w i t h 1 ml w a t e r and 10 ml A q u a s o l . A f t e r 
m i x i n g , the r a d i o a c t i v i t y o f each p i e c e i s measured by l i q u i d 
s c i n t i l l a t i o n s p e c t r o m e t r y . 
6.3 R e s u l t s 
6.3.1 Permeability for radioactive substances; effects of 
corbacho I 
In g e n e r a l , s e c r e t i o n o f r a d i o a c t i v e substance begins 
i m m e d i a t e l y upon i t s a d d i t i o n t o the b a t h i n g medium o f t h e 
i s o l a t e d r a b b i t pancreas ( f i g . 6 . 1 - 6 . 4 ) . I t s c o n c e n t r a t i o n 
i n the s e c r e t e d f l u i d g r a d u a l l y i n c r e a s e s , u n t i l a s teady s t a t e 
c o n c e n t r a t i o n i s reached a f t e r about 30 m i n . A d d i t i o n o f 
-5 
c a r b a c h o l (10 M) t o the b a t h i n g medium a f t e r 60 or 90 min o f 
i n c u b a t i o n a f f e c t s t h i s s t e a d y s t a t e c o n c e n t r a t i o n d i f f e r e n t l y 
f o r d i f f e r e n t compounds, a l t h o u g h i t always r e s u l t s i n a marked 
i n c r e a s e i n enzyme s e c r e t i o n . The l a t t e r reaches a peak 15-20 
min a f t e r a d d i t i o n o f c a r b a c h o l ( f i g . 6 . 1 - 6 . 4 ) . This 15-20 min 
delay m a i n l y r e f l e c t s the t i m e e l a p s i n g f o r t r a n s p o r t o f the 
enzymes f rom the p o i n t o f o r i g i n t o the end o f the p a n c r e a t i c 
d u c t . The f l o w i s not a f f e c t e d and remains c o n s t a n t f o r a t l e a s t 
f o u r h o u r s , e x c e p t f o r a t r a n s i e n t decrease i n the 5-10 min 
p e r i o d i m m e d i a t e l y a f t e r a d d i t i o n o f 10 c a r b a c h o l . T h i s t r a n s i e n t 
decrease may be due t o c o n t r a c t i o n o f the muscles s u r r o u n d i n g 
the main p a n c r e a t i c d u c t ( G a r r e t t e t a l . , 1 9 7 3 ) . 
Table 6 . 1 summarizes the average c o n c e n t r a t i o n s o f t h e non-
e l e c t r o l y t e s i n the s e c r e t e d f l u i d at t h r e e d i f f e r e n t p e r i o d s , 
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1 2 3 time (h) ι 4 
Fia. 6-S Pevneability of the isolated rabbit pancreas to 1 C-
suarose , . _c 
At t=0 2 тУ 1 C-sucrose and at t=1. 5 h 10 M aarbaahol are 
added to the bathing medium. 
Pate of fluid secretion (- - -) and concentrations of protein 
(-X-X-") and 14C-sucrcse (-Δ-Δ-) in the secreted flvid are 
measured. 
Representative for 4 experiments. 
' 5 0 -
E ^ ' 
•5 
1
 о 
I ô-
n с 
- io-
30 — ! — « τ . .π­
ι 2 3 
t ime ( h ) 
Fig. 6.4 Permeability of the isolated rabbit pancreas to H-
inul in. - _c 
At τ = 0 10 \£-ан-іпиІіп and at t=l h 10 M carbachol are added to 
the bathing medium. 
Rate of fluid secretion (- - -) and concentrations of protein 
(-*-*-) and 3H-inulin (-o-o-) are measured in the secreted 
fluid. 
Representative for 3 experiments. 
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Table 6 . 1 Appearance of r a d i o a c t i v e n o n - e l e c t r o l y t e s i n the 
s e c r e t e d f l u i d o f the i s o l a t e d r a b b i t pancreas b e f o r e and a f t e r 
-5 s t i m u l a t i o n w i t h 10 M c a r b a c h o l . 
compound 
urea 
g l y c e r o l 
e r y t h r i tol 
manni t o l 
1actose 
s u c r o s e 
i η u 1 i η 
average c o n c e n t r a t i o n i n s e c r e t e d 
f l u i d ( i n p e r c e n t of t h a t i n the 
b a t h i n g medi urn) 
30 min p e r i o d 
b e f o r e 
s t i m u l a t i on 
99 + 0 . 8 
88 + 3.5 
94 + 1.7 
59 + 4.6 
5 . 1 + 0.6 
3.5 + 0.2 
2.6 + 0 . 4 
25-40 min 
a f t e r 
s t i m u l a t i o n 
103 + 6.7 
94 + 2.7 
101 + 2.5 
65 + 3.0 
31 + 1.0 
23 + 3 . 1 
7.8 + 1.8 
60-90 min 
a f t e r 
s t i m u l a t i o n 0 
99 + 7.0 
98 + 2.4 
103 + 3.7 
56 + 3.8 
27 + 3.3 
19 + 3.0 
5.5 + 0 . 8 
η 
3 
5 
4 
5 
3 
4 
3 
Values are g i v e n w i t h SE, w h i l e η i n d i c a t e s the number o f 
e x p e r i ments 
p e r i o d d u r i n g which peak p e r m e a b i l i t y i s reached f o r the l a r g e r 
molecules 
O p e r i o d d u r i n g which p e r m e a b i l i t y reaches a s teady s t a t e v a l u e . 
e x p r e s s e d i n p e r c e n t o f t h e i r c o n c e n t r a t i o n s i n the b a t h i n g 
medium. Urea reaches a f t e r e q u i l i b r a t i o n (30-40 min a f t e r a d d i t i o n 
o f the compounds t o the b a t h i n g medium at t = 0 , f i g . 6 . 1 ) a 
c o n c e n t r a t i o n i n the s e c r e t e d f l u i d , w h i c h i s equal t o t h a t i n the 
b a t h i n g medi urn and which i s not i n f l u e n c e d by a d d i t i o n o f 10" M 
c a r b a c h o l . C - E r y t h r i t o l ( f i g . 6 . 2 ) and C - g l y c e r o l reach 
a f t e r 30-40 min c o n c e n t r a t i o n s o f 94% and 88% o f those i n the 
b a t h i n g medium, which r i s e t o about 100% a f t e r s t i m u l a t i o n . 
C-Manni to l e q u i l i b r a t e s at a c o n c e n t r a t i o n i n the s e c r e t e d 
f l u i d o f 59% o f t h a t i n the b a t h i n g medium, which i s i n c r e a s e d 
- 5 t o 65% a f t e r s t i m u l a t i o n w i t h 10 M c a r b a c h o l ( T a b l e 6 . 1 ) , which 
c o n f i r m s the e a r l i e r e x p e r i m e n t s o f Schreurs e t a l . (1975) i n 
14 14 
our l a b o r a t o r y . When C-sucrose ( f i g . 6 . 3 ) and C - l a c t o s e are 
added t o t h e b a t h i n g medium, these compounds appear i n the 
s e c r e t e d f l u i d at a s teady s t a t e c o n c e n t r a t i o n of about 4% and 5%, 
r e s p e c t i v e l y , o f t h a t i n the b a t h i n g medium ( T a b l e 6 . 1 ) . 
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Stimulation with 10 M carbachol results in their case in a marked 
increase (to 23 and 31%) in the concentrations of these compounds 
in the secreted fluid. The peak is reached about 35 im'η after 
addition of carbachol, i.e. 20 min after the appearance of the 
enzyme peak. Thereafter the concentration of the radioactive 
compounds in the secreted fluid decreases again, but it remains 
elevated (Table 6 . 1 ) . Even inulin (fig. 6.4) appears in the 
secreted fluid (3% relative to the bathing medium) and stimulation 
with 10 M carbachol results in a slight increase (up to 8%) of 
this concentration (Table 6 . 1 ) . 
6.3.2 Dose dependence of the carbachol effects 
The observed permeability increase after addition of carbachol 
is dose dependent. This has been determined for sucrose and 
- 5 lactose. While with 10 M carbachol a peak in the sugar secretion 
is observed at 25-40 min after stimulation ( f i g . 6 . 3 ) , we find 
with 10 M carbachol a gradual increase of the sugar secretion 
(in about 30 min) to a steady state level. With 10" M carbachol 
no significant increase of either the sugar or the enzyme 
secretion is observed. This is illustrated in table 6.2, where 
the ratios of the sugar concentration in the secreted fluid before 
and after stimulation with these three carbachol concentrations 
are shown. The ratios are given for the period of peak 
permeability (25-40 min after stimulation) as well as for the 
period of steady state secretion (60-90 min after stimulation). 
There is a parallelism between the increase in sugar permeability 
and the increase in protein secretion. 
6.3.3 Effects of other stimulants 
_ Q 
When, instead of carbachol, 2 χ 10 M secretin is added to the 
bathing medium, a slight increase in the flow rate is observed, 
but there is no increase in the sucrose concentration in the 
_ g 
s e c r e t e d f l u i d . C a e r u l e i n (6x10 M) and p a n c r e o z y m i n - o c t a p e p t i d e 
_ о с 
(2x10 M) give essentially the same results as 10 M carbachol. 
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Table 6.2 E f f e c t o f c a r b a c h o l on the s e c r e t i o n of s u c r o s e , 
l a c t o s e and p r o t e i n by the i s o l a t e d r a b b i t pancreas 
c a r b a c h o l 
c o n c n . 
10"5M 
10" 6 M 
10" 7 M 
0 
10" 5 M 
10"6M 
0 
average sugar c o n c e n t r a t i o n r a t i o p r o t e i n r a t i o 
p e r i o d I I p e r i o d I I I 
p e r i o d I p e r i o d I 
SUCROSE 
6 . 7 + 1 . 4 5 . 4 + 0 . 9 1 2 . 6 + 3 . 7 
1 . 6 + 0 . 1 2 . 1 + 0 . 2 5 . 9 + 1 . 6 
1.2 + 0 . 1 1.5 + 0.2 1.2 + 0 . 1 
1.3 + 0 . 1 * 1.5 + 0. 1 * * 1.0 + 0 . 1 * * * 
LACTOSE 
6 . 2 + 0 . 9 5 . 5 + 1 . 1 1 0 . 3 + 3 . 5 
1 . 8 + 0 . 2 2 . 3 + 0 . 2 7 . 2 + 0 . 1 
1.2 + 0 . 1 * 1.7 + 0 . 3 * * 1.3 + 0. 1 * * * 
η 
4 
4 
2 
4 
3 
2 
3 
P e r i o d I : 30-min p e r i o d b e f o r e s t i m u l a t i o n ; p e r i o d I I : 25-40 min 
p e r i o d a f t e r s t i m u l a t i o n ; p e r i o d I I I : 60-90 min p e r i o d a f t e r 
s t i m u l a t i o n . 
P r o t e i n r a t i o : amount o f p r o t e i n s e c r e t e d i n the 30-min p e r i o d 
a f t e r t o the amount o f p r o t e i n s e c r e t e d i n the 30-min p e r i o d 
b e f o r e s t i m u l a t i o n . 
* r a t i o o f the average sugar c o n c e n t r a t i o n 115-130 min t o 
t h a t 60-90 min a f t e r s t a r t i n g the e x p e r i m e n t 
r a t i o o f the average sugar c o n c e n t r a t i o n 180-210 min t o 
t h a t 60-90 min a f t e r s t a r t i n g the e x p e r i m e n t 
r a t i o o f the amount o f p r o t e i n s e c r e t e d i n the 90-120 min 
p e r i o d t o t h a t o f the 60-90 min p e r i o d a f t e r s t a r t i n g the 
e x p e r i ment 
Values are g i v e n w i t h SE and the number o f d e t e r m i n a t i o n s ( n ) . 
6.3.4 Check on metabolism of sucrose 
In the p r e v i o u s e x p e r i m e n t s we have added a r a d i o a c t i v e 
compound t o the b a t h i n g medium and a n a l y s e d the s e c r e t e d f l u i d 
f o r r a d i o a c t i v i t y . I t i s necessary t o e s t a b l i s h t h a t t h i s r a d i o ­
a c t i v i t y r e p r e s e n t s the o r i g i n a l compound and t h a t t h e r e has 
been no d e g r a d a t i o n of t h i s compound. Of a l l substances used i n 
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time ( h) 
Fig. 6.S РвутеаЬгІгіу of the isolated гаЪЪіъ panorevñ to sucrose. 
At t-0SmM svcrose and at t=l h 10~"M aarbaahol are added to the 
bathing medium. Concentrations of protein ( — ) and sucrose 
(dark area, - - -) in the secreted fluid are measured. 
Representavive for 2 experiments. 
these experiments, apart from glycerol, sucrose would be the 
most likely candidate for metabolism. Two control experiments 
have, therefore, been carried out with sucrose. First, the 
secreted fluid has been analysed by thin layer chromatography. 
All radioactivity is found in the sucrose spot (Rf:0.38) and no 
radioactivity is detected in the glucose spot ( R f : 0 . 5 8 ) . 
Secondly, non-radioactive sucrose in a 5 mM concentration has 
been added to the bathing medium and the sucrose content in the 
secreted fluid has been analysed enzymatically. Essentially the 
same secretion curve (fig. 6.5) is found as when radioactivity 
14 is followed in the case of C-labelled sucrose (fig. 6 . 3 ) . 
6.3.5 Extracellular space 
The extracellular space occupied by the tested substances 
gives an indication how these molecules find their way to the 
secreted fluid: via an intracellular or an extracellular 
pathway. The extracellular spaces, expressed as percent of total 
tissue water reached by the radioactive substances, have been 
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determined in rabbit pancreatic fragments with and without 
addition of carbachol (Tabi e 6.3).The spaces occupied by lactose, 
sucrose and manm'tol are hardly or slightly larger than for 
inulin, a molecule which is considered to be an extracellular 
marker. The high values for urea, glycerol and erythritol seem 
to indicate that these substances can penetrate into the cells. 
The value for glycerol, which is well above 100% suggests that 
this compound is metabolized by the cells. 
After addition of carbachol there is hardly any increase in 
the extracellular spaces of lactose, sucrose and inulin, which 
suggests that this stimulant does not make cells more permeable 
for these substances. This means that the increased permeability 
for the marker substances is not due to their uptake in the cells 
Tabi e 6.3 Percent of total tissue water reached by radioactive 
compounds in rabbit pancreatic fragments. 
compound used 
urea 
glycerol 
erythri tol 
m a η η i t o 1 
1actose 
sucrose 
inulin 
unstimulated 
90 + 
157 + 
77 + 
50 + 
40 + 
42 + 
36 + 
3.2 
7.6 
4.3 
4.6 
1.1 
2.4 
1.0 
(3) 
(4) 
(4) 
(4) 
(7) 
(9) 
(И) 
stimulated 
45 + 1.0 (2) 
42 + 1.7 (6) 
37 + 1.4 (6) 
Values are given with SE and between parentheses the number 
of determinations. Carbachol (10"^M) has been used as stimulant 
and is present during the last 30 min of the 90 min incubation 
peri od. 
6.3.6 Effect of atropine added at various times after stimulation 
wizh oarbaakol 
The increase in the permeability of sucrose and other compounds 
reaches a maximum about 20 min after the appearance of the 
enzyme peak, which may suggest that there is no direct relation­
ship between these two phenomena. We have, therefore, investigated 
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90 120 
time (mm) 
•,-4 Figr. δ.ί Effects of 10~ M atropine on oarbaahcl stimulated 
protein secretion and sucrose permeability of the isolated 
rabbit pancreas. 
Atropine (ШШ ) is given at 0 (A}., 2% (B)1 5 (C), 10 (Ό) and 
IS min (E) after addition of 10 "M Carbachol (l lÌ . F represents 
a control experiment, where no atropine is added to the bathing 
medium. In the secreted fluid the concentrations of protein 
(-0-Φ-) and C-sucrose (-o-o-) are measured. 
Representative for S to 4 experiments in each case. 
the relation between the increased sucrose permeability and the 
enzyme secretion by adding atropine (10 M) simultaneously with 
or somewhat later than carbachol (10 M ) . Fig. 6.6 and table 6.4 
show that addition of atropine simultaneously with or 2£ min 
after addition of carbachol markedly inhibits the enzyme secretion 
and abolishes the effect of carbachol on the sucrose secretion. 
However, when atropine is added 5-15 min after addition of 
carbachol, the enzyme secretion is not much affected anymore, 
while the increase in sucrose permeability is still very much 
decreased. This supports the suggestion, that the enzyme secretion 
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process and the increase in the paracellular permeability are 
affected independently by the interaction of carbachol with 
different receptors. 
Tabi e 6.4 Effects of atropine (10~ M ) , added at various time 
intervals after carbachol (10" M) stimulation, on protein and 
sucrose secretion by the isolated rabbit pancreas. 
time interval 
(min) 
— 
0 
2.5 
5 
10 
15 
amount of protein (mg 
7.9 + 1.2 
1.0 + 0.4 
2.4 + 0.7 
6.8 + 1.7 
9.5 + 1.9 
8.6 + 2.5 
)* sucrose cone. 
rati о 
6.7 + 1.4+ 
1.3 + 0.1 
1.3 + 0.1 
2.2 + 0.4 
3.2 + 0.6 
3.6 + 0.5 
η 
4 
3 
2 
4 
3 
3 
amount of protein secreted in the period 0-30 min after 
stimulation with carbachol 
0
ratio of average sucrose concentration in the period 5-15 min 
after atropine addition to average sucrose concentration in the 
30 min period before stimulation with carbachol 
+
ratio of average sucrose concentration in the period 30-40 min 
after stimulation with carbachol to that before stimulation 
Values are given with SE and the number of determinations (n). 
6.4 Discussion 
The conductance ratio of the cellular and extracellular routes 
is the most reliable criterion for the leakiness of an epithelium 
(Augustus et al., 1977). For the pancreas no data are available 
on this criterion, but the low transtubular potential difference 
and the isosmotic character of the secreted fluid relative to 
plasma or bathing medium (De Zilwa, 1904; Gilman and Cowgill, 
1933; Case et al., 1968; Rothman and Brooks, 1965,; Way and 
α 
Diamond, 1970; Schulz et al., 1969; Swanson and Solomon, 1973; 
Greenwell , 1977) strongly favour the assumption of a leaky 
epithelium (Frömter and Diamond, 1972). 
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The junctional complex between the epithelial cells is 
probably the most important barrier in the paracellular route. 
Electronmicroscopiс studies of this complex in the pancreas also 
indicate that the pancreatic epithelium belongs to the class 
of the relatively leaky epithelia (Galli et al., 1976; Metz et al., 
1977). This conclusion is based on the classification of junctional 
complexes of Claude and Goodenough (1973), although this 
classification has been disputed (Mtfllgard et al., 1976). 
Our physiological experiments are in agreement with the 
results of these morphological studies and give an indication of 
the molecular size of organic molecules which can pass the 
barrier between the bathing medium and the lumen in the isolated 
rabbit pancreas. From our results it appears that urea and glycerol 
and to a lesser extent erythritol can pass this epithelium rather 
freely. Since these compounds also penetrate the cells, their 
main transport route cannot be determined. Mannitol shows an 
intermediate behaviour, but lactose, sucrose and inulin do not 
enter the intracellular space. Hence, we may conclude that the 
latter three substances reach the lumen only by way of the 
paracel1ular route. 
Dewhurst et al. (1978) have recently investigated the non-
electrolyte permeability of the isolated perfused cat pancreas. 
They added a number of non-electrolytes to the perfusate in a 
0.1 M concentration and compared the reduction in fluid secretion 
with that obtained by an equal concentration of sucrose. 
Assuming that sucrose is not permeable at all, they calculated 
the apparent reflection coefficient for a number of compounds. 
They found that molecules with a molecular volume equal to or 
larger than arabinose are impermeable, whereas smaller molecules 
are more permeable, the smaller their molecular volume. 
Quantitatively there is a number of important differences 
between their observations and ours. Whereas in our study urea, 
glycerol and erythritol are 88-99% permeable, in their study 
there is a large difference between the apparent reflection 
coefficients of these three compounds. Whereas in our study 
mannitol is permeable for 59% and sucrose for 3.5%, in their 
study both compounds are impermeable. Whether the observed 
difference is due to the difference in species or preparation or 
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to a methodical difference is discussed in chapter 9. 
In addition to these uncharged substances, ions can also pass 
through the pancreatic epithelium via the paracellular pathway. 
In view of the equality of the potassium concentration in the 
perfusate and the secreted fluid of the cat pancreas, Case and 
Scratcherd (1974) suggest that potassium diffuses passively from 
the extracellular fluid to the pancreatic fluid via a paracellular 
pathway. From chapter 3 and 5 it appears that sodium, calcium and 
magnesium ions also pass to the lumen via a paracellular transport 
route. 
An important additional finding is the increased concentration 
of 2 8 M g , 45 Ca (Schreurs et al., 1976 b) and 3H-mannitol (Schreurs 
et al., 1975) in the secreted fluid after stimulation of the 
- 5 
enzyme secretion of the isolated rabbit pancreas with 10 M 
carbachol. In this chapter we confirm the results for mannitol 
and in addition we observe the same phenomenon for lactose, 
sucrose and inulin. Since the latter three substances do not 
significantly enter the cells after stimulation, we must 
conclude that carbachol increased the permeability of the para-
cellular route. The peak of this phenomenon occurs 40 min after 
addition of carbachol, i.e. 15-20 min after the enzyme secretion 
reaches its peak. 
There is a limit to the size of the molecules, which can pass 
the barrier between plasma or bathing medium and lumen. Inulin 
(M.W. ca 5000) can still pass this barrier and its permeability 
-5 is slightly increased after stimulation with 10 M carbachol. 
Horseradish peroxidase (M.W. 40.000) can pass the paracellular 
route between the acinar cells of the parotid gland after 
stimulation with isoproterenol (Oliver and Hand, 1978), while 
ferritin (M.W. 250.000) is unable to pass the junctional 
complexes both in unstimulated and in pi 1ocarpine-stimulated 
rat pancreas (Geuze and Poort, 1973). 
In this respect it is interesting to consider the recent 
finding of Isenman and Rothman (1977) that amylase (M.W. 45.000) 
appears in the bathing medium of the isolated rabbit pancreas. 
They attribute this to leakage of the enzyme across the baso-
lateral membrane of the acinar cells. Their findings can, 
however, equally well be interpreted as due to leakage of the 
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enzyme from lumen to bath through the extracellular pathway. Its 
molecular size would seem to be small enough to permit such 
leakage. In their experiments there is always a 60-400 fold 
concentration gradient for the enzyme between lumen and bath. 
Their observation that lactic dehydrogenase, a normal cytoplasmic 
enzyme, does not appear in the bathing medium is also consistent 
with this, since this enzyme is not secreted into the lumen. 
The increased amylase concentration in the bath after stimulation 
with acetyl-ß-methyl-choline chloride is also in accord with the 
increased permeability of the paracellular pathway after carbachol 
addition in our experiments. The absence of an increased amylase 
concentration in the bath after stimulation with pancreozymin 
may be due to their use of a low pancreozymin concentration 
(5x10 M ) , since they also find only a small effect on the 
ductal amylase concentration in this case. 
We have considered the question whether the two phenomena, 
enzyme secretion and paracellular permeability are directly 
related. At first sight, the dose dependence of both phenomena 
for carbachol and the stimulation of both effects by caerulein 
and pancreozymin-octapeptide as well as by carbachol might 
suggest that they are coupled. However, we have found multiple 
evidence against this. The permeability effect peaks 15-20 min 
later than the enzyme secretion. When atropine, an antagonist 
of carbachol, is added 5 min or more after addition of carbachol, 
a normal enzyme peak is obtained, while the sucrose permeability 
is still inhibited. Moreover, in chapter 7 we show that in the 
presence of 10 mM 2 ,4 ,6-triaminopyrimidi ne in the bathing 
medium of the isolated rabbit pancreas addition of 10" M carbachol 
gives normal stimulation of the enzyme secretion, but the relative 
sucrose concentration in the secreted fluid hardly increases. 
Another indication that these two processes are uncoupled is 
supplied by the previous observation (Schreurs et al., 1 9 7 5 ) , 
that a second stimulation of the isolated rabbit pancreas with 
acetylcholine yields only a very minor enzyme release, but still 
45 leads to a markedly increased Ca concentration in the secreted 
fluid. These observations lead us to the conclusion that 
stimulation of the enzyme secretion is not responsible for the 
increase in paracellular permeability, but that stimulation of 
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both processes can proceed through activation of acetylcholine 
receptors. 
There remain, however, some unsolved problems. One problem 
is why the radioactive markers reach a maximum concentration in 
- 5 the secreted fluid only 35-40 min after addition of 10 M 
carbachol. Subtracting from this value the 15-20 min time 
required for transport of secreted protein to the end of the 
pancreatic duct, then there still remains a delay of 15-20 min. 
It does not seem likely that it would take all this time to 
traverse the paracellular pathway. More likely is that the 
opening of the tight junctions is a relatively slow process. 
The continuing elevated secretion of the radioactive substances 
into the pancreatic fluid after the transient peak may well be 
an artefact of the isolated pancreas preparation, in the sense 
that the permeability increase of the junctional complexes is 
not reversed in this preparation. 
Another unsolved problem is the location of the paracellular 
pathway. After duct ligation in the rat pancreas the strands of 
the junctional complexes between the acinar cells are seen to be 
disarranged (Metz et al., 1978). Permeability of both ductal 
and acinar junctional complexes of submandibular gland to 
horseradish peroxidase, injected either into the ductal lumen 
(Garrett and Parsons, 1976; Parsons and Garrett, 1977) or 
arterially (Garrett and Parsons, 1974) has been reported. Since 
this is observed without stimulation of the gland and the enzyme 
also appears to penetrate the cells, there is some danger that 
artefactual effects have occured. In rat parotid gland ductal 
injection of horseradish peroxidase at low pressure leads to 
penetration of the acinar junctional complex only after 
stimulation with isoproterenol (Oliver and Hand, 1 9 7 8 ) , but no 
information is given about the ductular junctional complex. 
After arterial injection of horseradish peroxidase in adrenalin 
treated rabbit submandibular gland, peroxidase is observed in 
the acinar lumen (Parsons et al., 1 9 7 7 ) . Hence, neither from our 
experiments, nor from other published data is it possible to 
conclude with certainty whether the pathway in the pancreas is 
located between acinar or ductular cells or both. 
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CHAPTER 7 BLOCKING BY 2 ,4 ,6-TRIAMINOPYRIMIDINE OF THE ACETYL-
CHOLINE INDUCED PERMEABILITY INCREASE OF THE TIGHT 
JUNCTIONS 
7.1 Intro duct i on 
Epithelial cells are linked together by specialized 
structures called tight junctions, which are located close to 
the apical side. In certain epithelia, such as rat small 
intestine, rabbit gall bladder, rat renal proximal tubule and 
frog choroid plexus, the transepithelial resistance is low, 
while in others (rat and human submandibular salivary duct, 
frog skin and stomach, toad and turtle urinary bladder) it is 
high (Frömter and Diamond, 1 9 7 2 ) . The low electrical resistance 
of the leaky epithelia has in most cases, such as rabbit 
proximal tubule and ileum (Augustus et al., 1977) been shown 
to be due to a high conductance of the tight junctions. 
Moreno (1974, 1975.) showed that the permeability of bullfrog 
and rabbit gall bladder, small intestine and choroid plexus for 
cations, but not for anions, can be inhibited by the proton 
donor 2,4 ,6-triaminopyrimidi ne. This suggests the presence of 
separate anion and cation channels in the junctional complex. 
The cation channel would contain a negatively charged group, 
which can react with proton donors as 2 ,4 ,6-triaminopyrimi di ne 
and which may play a role in cation transport (Moreno, 1974; 
Moreno and Diamond, 1974). 
In rabbit pancreas the permeability of the paracellular route 
for divalent cations (chapter 5) and small neutral molecules 
(chapter 6) is enhanced by cholinergic compounds and by 
pancreozymin, substances which are known to stimulate enzyme 
secretion by this organ. In rabbit submandibular gland the 
permeability of horseradish peroxidase through tight junctions 
of adjacent epithelial cells is enhanced by adrenalin 
(Parsons et al., 1977). 
The availability of 2,4,6 tri aminopyrimi di ne as a blocker 
of a Na -channel in tight junctions of leaky epithelia has led 
us to investigate whether this channel in the rabbit pancreas 
is also involved in the transepithelial permeability for 
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d i v a l e n t c a t i o n s and n e u t r a l m o l e c u l e s . We have s t u d i e d t h i s 
i n t h e r e s t i n g s t a t e as w e l l as a f t e r s t i m u l a t i o n w i t h t h e 
a c e t y l c h o l i n e analogue c a r b a m y 1 c h o l i ne and t h e C - t e r m i n a l 
o c t a p e p t i d e o f p a n c r e o z y m i n . 
7.2 Materials and Methods 
7.2.1 General 
The materials, the preparation of the rabbit pancreas, the 
incubation medium, the incubation and sample collection 
procedures and the assay methods are described in chapter 2. 
7.3 Results 
7.3.1 Effects of 2, 4, б-Ьгъатгпоруггтіагпе ori the paraoellular 
permeatiliiy 
In the absence of carbachol, 2 ,4 ,6-triaminopyrimi di ne (lOmM) 
has little or no effect on fluid secretion, on protein 
secretion and on sucrose permeability (fig. 7.1 A ) . In order 
to elucidate the effects of 2 ,4 ,6-triaminopyrimidi ne in the 
presence of carbachol, we must first enumerate the effects of 
carbachol stimulation alone on these three parameters (fig. 
7.1 B ) . The effects are: 
a. a large transient stimulation of the enzyme secretion; 
b. a minor reduction in the fluid secretion, and 
с an increase in the paracellular permeability for sucrose. 
Comparison of fig. 7.1 A and В shows that the presence of 10 mM 
2,4,6-tri ami пору ri mi di ne during stimulation with carbachol has 
little effect on fluid secretion, however, it extends the 
duration of protein secretion and nearly abolishes the increase 
in sucrose permeability. 
Table 7.1 supplies quantitative data on these effects. 
Carbachol has been added either in ΙΟ" M or 10 M concentration. 
It appears that 2 ,4 ,6-tri aminopyrimidi ne has hardly any effect 
on fluid secretion (column A ) , not even in the presence of 
carbachol (column B ) . The protein output after stimulation of 
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Tabi e 7 . 1 E f f e c t s of c a r b a c h o l and 2 ,4 , 6 - t r i a m i n o p y r i m i d i ne on the s e c r e t i o n r a t e s o f 
f l u i d , sucrose and p r o t e i n i n the i s o l a t e d r a b b i t p a n c r e a s . 
The e x p e r i m e n t s were c a r r i e d out as d e s c r i b e d f o r f i g . 7 . 1 . A . 5 A f t e r 30 min 10 mM 2 , 4 . 6 -
t r i a m i n o p y r i m i di ne was added and a f t e r 90 min c a r b a c h o l (10~ or 10" M) was a l s o added. 
The f o l l o w i n g p e r i o d s can be d i s t i n g u i s h e d : p e r i o d I : 0-30 min ( c o n t r o l ) ; p e r i o d I I : 
60-90 min (2 ,4 , 6 - t r i a m i пору r i mi di ne p r e s e n t ) ; p e r i o d I I I : 90-120 min ( 2 , 4 , 6 - t r i amino-
p y r i m i d i n e + c a r b a c h o l p r e s e n t = p r o t e i n p e r i o d ) ; p e r i o d IV: 115-130 min ( 2 , 4 , 6 - t r i a m i n o -
p y r i m i d i n e + c a r b a c h o l p r e s e n t = peak p e r i o d ) ; p e r i o d V: 150-180 min ( 2 , 4 , 6 - t r i amino-
p y r i m i d i n e + c a r b a c h o l p r e s e n t = s teady s t a t e p e r i o d ) . 
Values are g i v e n w i t h SE and the number o f e x p e r i m e n t s ( n ) . 
Addi t i o n 
c o n t r o l 
c a r b a c h o l ( 1 0 " 5 M ) 
2 , 4 , 6 - t r i amino-
p y r i m i d i n e + 
c a r b a c h o l ( 1 0 " 5 M ) 
c a r b a c h o l ( 1 0 " 6 M ) 
2 , 4 , 6 - t r i ami no-
p y r i m i d i n e + 
c a r b a c h o l ( 1 0 " 6 M ) 
F l u i d s e c r e t i o n r a t i o 
A В 
p e r i o d I I p e r i o d V 
p e r i o d I p e r i o d I I 
0 . 8 + 0 . 1 
0.9 + 0 . 1 
0.9 + 0 . 1 0 . 8 + 0 . 1 
0.9 + 0 . 1 
0.9 + 0 . 1 0.9 + 0 . 1 
P r o t e i n r a t i o 
С 
p e r i o d I I I 
p e r i o d I I 
1.0 + 0 . 1 
12.6 + 3.7 
12.6 + 2.0 
5.9 + 1.6 
3.2 + 0.6 
Sucrose r a t i o 
D E 
p e r i o d IV p e r i o d V 
p e r i o d I I p e r i o d I I 
1 . 3 + 0 . 1 1 . 5 + 0 . 1 
6.7 + 1.4 5.4 + 0.9 
1.6 + 0 . 1 2.2 + 0 . 1 
1.6 + 0 . 1 2 . 1 + 0.2 
1.4 + 0.2 2.0 + 0 . 1 
η 
4 
4 
7 
4 
3 
time (h) 
Fig. 7.1 Effects of 2,4>6-triamtnopyrimidine on sucrose, 
protein and fluid secretion by the isolated rabbit pancreas. 
Typical experiment showing sucrose (-Ф-Ф-) and protein 
(-o-o-) concentrations in the secreted fluid and the rate 
of fluid secretion (- - -) before and after addition of 10 mM 
2, 4,6-triaminopyrimidine and 10~5M carbachol. 
A. At t=0 Σ mM 14c-suarose,_at t=0.5 h 10 mM 2,4,β-triamino-
pyrimidine and at t=1.5 h 10 0M carbachol is added to the 
bathing medium. 
B. Control experiment with the same conditions as in A, except 
that no 2,4,6-triaminopyrimidine is added. A and В are 
representative for 7 and 4 experiments, respectively. 
Periods I to V are defined in the legend to table 7.1. 
the enzyme secretion with 10 M carbachol is the same in the 
presence of 10 mM 2 ,4,6-triaminopyrimi di ne as in its absence. 
Stimulation with 10 M carbachol in the presence of 10 mM 
2,4,6-triaminopyrimidi ne markedly reduces protein secretion 
(column C ) , while the latter substance by itself does not 
affect the basal protein secretion. The effects of 2,4»6-
triami пору rimi di ne on the increased permeability for sucrose 
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are s t r i k i n g . I t reduces t h i s i n c r e a s e , most markedly a f t e r 
s t i m u l a t i o n w i t h 10" M c a r b a c h o l (columns D and E ) . 
7.3.2 Effect of varying the time of addition of 2,416-triamino-
pyrimidine 
In the e x p e r i m e n t s d e s c r i b e d i n the p r e v i o u s s e c t i o n , 
2 , 4 , 6 - t r i a m i n o p y r i m i d i ne i s added t o the b a t h i n g medium 1 h 
b e f o r e s t i m u l a t i o n w i t h 10" M c a r b a c h o l . In o r d e r t o i n v e s t i g a t e 
w h e t h e r the e f f e c t o f 2 ,4 , 6 - t r i a m i n o p y r i m i d i ne is f a s t or s l o w , 
we have added 10 mM 2 ,4 , 6 - t r i a m i n o p y r i m i di ne 5 min b e f o r e , 
s i m u l t a n e o u s l y w i t h and 5 min a f t e r s t i m u l a t i o n w i t h c a r b a c h o l . 
In t a b l e 7.2 the p r o t e i n and s u c r o s e c o n c e n t r a t i o n s are g i v e n 
f o r these e x p e r i m e n t s . I t appears t h a t 2 , 4 , 6 - t r i a m i n o p y r i m i d i ne 
i s s t i l l able t o i n h i b i t the e a r l i e r observed i n c r e a s e i n 
sucrose p e r m e a b i l i t y i n a l l these c a s e s , a l t h o u g h the e f f e c t s 
are s l i g h t l y s m a l l e r . Again no e f f e c t s on f l u i d s e c r e t i o n ( n o t 
shown) and p r o t e i n s e c r e t i o n are o b s e r v e d . 
Tabi e 7.2 E f f e c t s o f 10 mM 2 ,4 , 6 - t r i ami пору r i mi di ne , added at 
-5 
v a r i o u s t i m e i n t e r v a l s b e f o r e and a f t e r 10 M c a r b a c h o l , on 
p r o t e i n and s u c r o s e s e c r e t i o n by the i s o l a t e d r a b b i t p a n c r e a s . 
Values are g i v e n w i t h SE and the number of e x p e r i m e n t s ( n ) . 
P r o t e i n r a t i o r e p r e s e n t s the r a t i o o f the amount o f p r o t e i n 
s e c r e t e d i n the 30-min p e r i o d a f t e r c a r b a c h o l a d d i t i o n t o t h a t 
s e c r e t e d i n the 30-min p e r i o d b e f o r e a d d i t i o n o f c a r b a c h o l . 
Sucrose r a t i o r e p r e s e n t s the r a t i o o f the average sucrose 
c o n c e n t r a t i o n i n the p e r i o d 25-40 min a f t e r a d d i t i o n o f 
c a r b a c h o l t o t h a t b e f o r e a d d i t i o n . 
Time interval (min) 
control (no 2,4,6-
t r i a m i η о py r i m i d i η e ) 
-60 
- 5 
0 
+ 5 
Pr o t e i n r a t i o 
12.6 + 2.7 
12.6 + 2.0 
15.4 + 4.7 
14.5 + 1.0 
12.3 + 1.7 
Sucrose ratio 
6.7 + 1.4 
1.6 + 0.1 
2.5 + 0.1 
2.5 + 0.4 
2.2 + 0.3 
η 
4 
7 
3 
3 
3 
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7.3.2 Effects of 2, 4, б-Ьггатіпоруvim-Ldine on permeability for 
other non-electrolytes 
P r e v i o u s l y we have shown t h a t upon a d d i t i o n of 2 mM urea t o 
the b a t h i n g medium the urea reaches the same c o n c e n t r a t i o n i n the 
s e c r e t e d f l u i d as i n the b a t h i n g medium and t h a t t h i s l e v e l i s 
not i n f l u e n c e d by 10 M c a r b a c h o l ( c h a p t e r 6 ) . A d d i t i o n o f 2 , 4 . 6 -
t r i a m i n o p y r i m i d i n e has no e f f e c t s on the urea c o n c e n t r a t i o n 
b e f o r e and a f t e r c a r b a c h o l a d d i t i o n . However, the i n c r e a s e i n the 
manm'tol c o n c e n t r a t i o n i n the s e c r e t e d f l u i d a f t e r c a r b a c h o l 
Fig. 7.2 Effeovs of 2
s
 4, e-triaviinopyrimidine on mannitol, 
protein and fluid secretion by the isolated rabbit pancreas. 
Typical experiment showing mannitol (-*-«-) and protein l-o-o-) 
concentration ir. the secreted fluid and the rate of fluid 
secretion (- - -) before and after addition of 10 тУ. 2,4,6-
triaminopyrimidine and 10~*)M carbachol. 
A. At t=0 2 mM 14C-sucrose, at t=0.5 h 10 mM 2, 4,e-triamino-
pyrimidine and at t=1.5 h ±0~bM carbachol is added to the 
bathing medium. 
B, Control experiment with the same conditions as in A, except 
that no 2, 4, в-triaminopyrimidine is added. 
A and В are representative for S and 5 experiments, respectively. 
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S t i m u l a t i o n ( f i g . 7 . 2 В ) , p r e v i o u s l y d e s c r i b e d i n c h a p t e r 6 , 
d i s a p p e a r s upon a d d i t i o n o f 2 , 4 , 6 - t r i a m i n o p y r i m i d i ne ( f i g . 7.2 A ) . 
7.3.4 Effects of 2, 4,6-іггатгпоругътгагпе on the permeability 
for· aalaium 
In the p r e v i o u s s e c t i o n s the e f f e c t s of 2 , 4 , 6 - t r i a m i n o p y r i m i di ne 
on n o n - e l e c t r o l y t e s e c r e t i on have been d e s c r i b e d . Since c a l c i u m i s 
a l s o s e c r e t e d , at l e a s t i n p a r t , v i a the p a r a c e l l u l a r pathway 
( c h a p t e r 5 ) , we have a l s o i n v e s t i g a t e d the e f f e c t o f 2 , 4 , 6 -
45 2 + t r i a m i n o p y r i m i d i ne on the Ca f l u x f rom b a t h i n g medium t o 
s e c r e t e d f l u i d . 
45 2 + 2 , 4 , 6 - T r i a m i n o p y r i m i d i ne has no e f f e c t s on the basal Ca 
- 5 l e v e l i n the s e c r e t e d f l u i d ( d a t a n o t shown). When 10 M c a r b a c h o l 
i s added s i m u l t a n e o u s l y w i t h or 5 min b e f o r e or a f t e r a d d i t i o n 
of 2 , 4 , 6 - t r i a m i n o p y r i m i d i ne, marked i n h i b i t i o n o f t h e i n c r e a s e d 
c a l c i u m s e c r e t i o n induced by c a r b a c h o l a lone i s n o t i c e d ( T a b l e 
7 . 3 ) . 
Table 7.3 Effects of 10 mM 2 ,4,6-triaminopyrimidi ne added at 
-5 
v a r i o u s t i m e i n t e r v a l s b e f o r e and a f t e r c a r b a c h o l (10 M) 
s t i m u l a t i o n on p r o t e i n and c a l c i u m s e c r e t i o n by the i s o l a t e d 
r a b b i t p a n c r e a s . 
Values are g i v e n w i t h SE and the number o f e x p e r i m e n t s ( n ) . 
P r o t e i n r a t i o r e p r e s e n t s the r a t i o o f the amount o f p r o t e i n 
s e c r e t e d i n the 30-min p e r i o d a f t e r c a r b a c h o l a d d i t i o n t o t h a t 
s e c r e t e d i n the 30-min p e r i o d b e f o r e a d d i t i o n o f c a r b a c h o l . 
Calc ium r a t i o r e p r e s e n t s the r a t i o o f the average c a l c i u m 
c o n c e n t r a t i o n i n the p e r i o d 25-40 min a f t e r a d d i t i o n o f 
c a r b a c h o l t o t h a t b e f o r e a d d i t i o n . 
Time i n t e r v a l (min) 
c o n t r o l (no 2 , 4 , 6 -
t r i ami пору r i mi di ne) 
-5 
0 
+ 5 
P r o t e i n r a t i o 
13.0 + 0.3 
12.7 + 1.6 
17.7 + 4.8 
1 1 . 1 + 2.4 
Calc ium r a t i o 
2.6 + 0.5 
1.2 + 0 . 1 
1.4 + 0 . 1 
1.5 + 0.2 
η 
3 
3 
5 
5 
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Fig. 7.3 Suarose secretion after addition of Ί0~ M oarbaohol as 
a function of the concentration of 23 4, 6-triarninoOyriw.idir.e. 
In all experiments 2, 4,6-triarr,inopyrimidine is added b min 
prior to carbachol. The ordinate represents the suarose ratio 
as defined in Table 7.2. Data points represent averages for 
3-4 experiments with standard error. 
7.3.5 Effects of 2,4,6-triaminopyrimidine 
In a l l e x p e r i m e n t s d e s c r i b e d so f a r , we have a p p l i e d 2 , 4 , 6 -
t r i a m i n o p y r i m i d i ne i n 10 mM c o n c e n t r a t i o n , as has been done by 
most o t h e r i n v e s t i g a t o r s . In a d d i t i o n a l e x p e r i m e n t s we have 
t e s t e d the e f f e c t o f 2 ,4 , 6 - t r i ami пору r i mi d i ne i n l o w e r 
c o n c e n t r a t i o n s (0.1-lOmM) on s u c r o s e p e r m e a b i l i t y , a d d i n g 
- 5 
10 M carbachol 5 min later (fig. 7.3). At concentrations of 
0.55 mM and higher nearly maximal inhibition of sucrose 
permeability is found, while at 0.3 mM or less no clear effect 
is shown. In these experiments the pH of the bathing medium is 
7.4. The curve in fig. 7.3 gives the impression of an all-or-
none effect. 
7.3.6 Other effects of 2> 4,6-triaminopyrimidine 
- 8 
Pancreozymin or i t s C - t e r m i n a l o c t a p e p t i d e (10 M) have 
a p p r o x i m a t e l y t h e same e f f e c t s on enzyme s e c r e t i o n and s u c r o s e 
-5 p e r m e a b i l i t y as 10 M c a r b a c h o l ( c h a p t e r 6 ) . When 10 mM 2 , 4 , 6 -
- 8 t r i ami пору r i mi di ne i s g i v e n f i v e minutes b e f o r e 10 M p a n c r e o -
z y m i η - C - o c t a p e p t i d e , t h e r e i s no i n h i b i t i o n o f the e f f e c t s o f 
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time ( h ) 
Fig. 7.4 Effects of 2,4,6-triaminopyrimidine and pancreozymin-
C-octapeptide on secretion of sucrose, protein and fluid by 
the isolated rabbit pancreas. 
Typical experiment showing sucrose (-0-*-) and protein (-0-0-) 
concentrations in the secretory fluid and the rate of fluid 
secretion (- - -). After 60 min incubation 10 mM 2, 4,6-triami.no· 
pyrimidine is added, followed after S min by addition of 10 M 
pancreozymin-C-oetapeptide. 
Representative for 4 experiments .-
9 0 120 
timeimm) 
Fig. 7.5 Permeability of the isolated rabbit pancreas for 
2,4,6-triaminopyrimidine. _g 
At t=0 1 mM 2,4,6-triaminopyrimidine and at t=90min 10 M aarbachol 
are added to the bathing medium. Rate of fluid secretion (- - -) 
and concentrations of provein (-0-0-) and 2,4,6-triaminopyrimidine 
(-Ф-Ф-) are measured in the secreted fluid. 
Representative for 4 experiments. 
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pancreozymin on the two parameters (fig. 7 . 4 ) . This suggests that 
the inhibitory effect of 2 ,4 ,6-triaminopyrimidi ne on the carbachol 
induced increase in sucrose permeability occurs at the level 
of the acetylcholine receptors. 
We have noticed that 2 ,4 ,6-tri aminopyrimidi ne has no effects 
on the calcium and sucrose concentrations in the fluid secreted 
by the resting pancreas. In addition, 2 ,4 ,6-triaminopyrimidi ne 
has no effects on the sodium and potassium concentrations in the 
secreted fluid before and after carbachol addition. 
Finally, we have analyzed the appearance of 2 ,4 ,6-triamino-
pyrimidine in the secreted fluid after its addition to the 
bathing medium. Fig. 7.5 shows a typical experiment, in which 1 
mM 2,4 ,6-triami пору ri mi di ne is added to the bathing medium at t = 
0. The substance equilibrates with the secreted fluid up to a 
concentration of 50 ( S E = 1.5 ; n = 6) % of that of the bathing 
medium after about 40 min. Upon addition of carbachol (10 M) 
there is an increase in the 2 ,4-, 6- tri ami nopyrimi di ne concentration 
up to 80 (SE=2.3; n=4) %, which coincides with the peak of the 
protein secretion. Thereafter, the increased 2 ,4 ,6-triamino-
pyrimidine concentration slowly returns to its original 
steady state concentration. 
7.4 Di scussi on 
Diamond (1978) characterizes the channel through the tight 
junctions in the following words: "The junctional channel is 
similar to the tortuous route a microbe would follow crawling 
through a pile of spaghetti." 
There are probably at least two different types of channels: 
an anion and a cation channel, as demonstrated by Moreno 
(1974, 1 9 7 5 , ) . He used 2 ,4 ,6-tri aminopyrimidi ne, a proton 
α 
donor which forms strong hydrogen bonds with acid groups of 
the cation channel. The results of Moreno for bullfrog and 
rabbit small intestine, gall bladder and choroid plexus have 
been confirmed for other leaky epithelia, viz. cat choroid 
plexus (Eisenberg and Welch, 1 9 7 6 ) , dog ileum (Kreys et al., 
1977) and rabbit ileum (Simmons and Naftalin, 1976; Naftalin and 
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Simmons, 1 9 7 9 ) . For the junctional complex in the pancreatic 
epithelium no results have been reported so far. 
In chapter 6 we have reported that sucrose penetrates the 
pancreatic epithelium entirely by the paracellular pathway, 
and that this route becomes more permeable after addition of 
pancreozymin-C-octapeptide and carbachol, both of which stimulate 
enzyme secretion. In this chapter we have studied the effects 
of 2 ,4 ,6-triaminopyrimidi ne on the permeability for small non-
electrolytes and cations in the isolated rabbit pancreas, both 
before and after stimulation with carbachol. 
When 2,4,6-tri aminopyrimi di ne is added to the bathing medium 
without carbachol, no effects are observed on the permeabilities 
for sodium, potassium, calcium and sucrose and on the rate of 
-5 fluid secretion. After addition of 10 M carbachol a single 
type of effect of 2 ,4 ,6-tri aminopyrimi di ne is observed: the 
normally observed increased permeability for sucrose, mannitol 
and calcium (chapter 6) is decreased. No effects on sodium and 
potassium secretion or on enzyme secretion are noticed. The time 
of addition of 2,4,6-triaminopyrimi di ne, relative to that of 
carbachol (from 60 min before to 5 min after addition of 
c a r b a c h o l ) , is not critical, which means that the permeability 
increase by carbachol is a relatively slow process. 
From our findings it seems unlikely that in the pancreas 
2 ,4 ,6-tri ami пору ri mi di ne blocks the cation channel, as it seems 
to do in gall bladder and other leaky epithelia (Moreno, 1975,; 
a 
Eisenberg and Welch, 1976; Kreys et al., 1977; Simmons and 
Naftalin, 1976; Naftalin and Simmons, 1 9 7 9 ) . The lack of effect 
of 2,4 ,6-tri aminopyrimidi ne on the secretion of fluid, sodium 
and potassium argues against such a mode of action. Another type 
of channel must be involved in the action of carbachol and 
pancreozymin-C-octapeptide. The reason for this assumption is 
that these stimulants enhance the permeability of substances 
which are not completely permeable in the resting state, such 
as sucrose, mannitol and Ca , but not of monovalent ions, water 
and urea, which are already maximally permeable in the absence 
of a s ti mul ant. 
The fact that 2 ,4,6-triaminopyrimi di ne only blocks the 
carbachol-induced increase in permeability but not the pancreozymin-
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induced permeability suggests that it acts on an acetylcholine 
receptor rather than on this other type of channel. Since atropine 
can block the stimulatory effect of carbachol on the enzyme 
secretion as well as on the tight junction permeability, while 
2,4,6-triaminopyrimi di ne only blocks the increase of the tight 
junction permeability, it would seem that different types of 
acetylcholine receptors are involved in these two processes. 
Alternatively, it might be that for the effect of acetylcholine 
on enzyme secretion a much smaller number of acetylcholine 
receptors must be occupied than for its effect on tight junction 
permeability and that 2 ,4 ,6-triaminopyrimi di ne would inhibit the 
interaction of acetylcholine with its receptors less efficiently 
than atropine. This alternative is supported by the fact that the 
stimulatory effect of 10 M carbachol on enzyme secretion is also 
partially inhibited by 2 ,4 ,6-tri aminopyrimidi ne. 
There are further reasons to believe that the effect of 
2,4,6-triaminopyrimi di ne in the pancreas is different from that 
on other epithelia. The findings of Moreno and others (Moreno, 
1975 a b; Eisenberg and Welch, 1976; Kreys et al., 1977; Simmons 
and Naftalin, 1976; Naftalin and Simmons, 1979) strongly suggest 
that only the monovalent cationic form of 2 ,4 ,6-triaminopyrimidi ne 
is the active component. It is difficult to check this for the 
pancreas, since lowering the pH of the bathing medium below 7.4 
markedly reduces the fluid secretion, probably due to the 
functioning of a Na /H exchange system in the fluid secretion 
process (Swanson and Solomon, 1972; chapter 4 ) . At pH 7.4 the 
2,4,6-triaminopyrimi di ne concentration, which is just maximally 
effective (0.55mM) would represent a cationic concentration of 
only 0.1 mM. This value is much lower than that required in other 
tissues (cationic concentrations of ca. 5 m M ) . The low effective 
concentration, the apparent all-or-none effect of 2 ,4 ,6-triamino-
pyrimidine (fig. 7.3) and its ineffectiveness on sodium 
permeability all suggest that the effect of 2,4,6-triamino-
pyrimidine in the pancreas is of a different nature than that in 
other leaky epithelia. It should be taken into consideration that 
the pancreas is a secretory organ, in contrast to the other 
tissues which have an absorptive function. In secretory tissues 
the tight junctions are the last barrier in solute movement from 
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i n t e r s t i t i a l t o s e c r e t o r y f l u i d . 
The way i n which 2 , 4 , 6 - t r i ami пору r i mi di ne e x e r t s i t s e f f e c t s 
can thus n o t be e s t a b l i s h e d w i t h c e r t a i n t y , as l o n g as we do not 
know the m o l e c u l a r e x p l a n a t i o n f o r the i n c r e a s e i n t r a n s -
e p i t h e l i a l p e r m e a b i l i t y by c a r b a c h o l and o t h e r s t i m u l a n t s . We do 
not even know w h e t h e r the e f f e c t o f 2 ,4 , 6 - t r i ami пору r i mi di ne i s 
due t o i t s p r o t o n donor c a p a c i t y or t o a n o t h e r p r o p e r t y of the 
m o l e c u l e . Kreys et a l . (1977) have shown t h a t i n dog i l e u m 2 , 4 , 6 -
t r i a m i пору r i mi d i ne has a l s o some membrane e f f e c t s l i k e b l o c k i n g 
the u n i d i r e c t i o n a l Na - f l u x from plasma t o lumen and the 
a b s o r p t i o n o f s e v e r a l s u g a r s . At any r a t e , 2 , 4 , 6 - t r i a m i пору r i m i di ne 
does not seem t o act by i n h i b i t i n g Na -K -ATPase s i n c e i t has 
very l i t t l e e f f e c t on t h i s system i n 1 mM c o n c e n t r a t i o n , at which 
i t f u l l y e x e r t s i t s e f f e c t s on the t i g h t j u n c t i o n (Table 2 . 1 ) . 
In c h a p t e r б we have p r e s e n t e d s t r o n g i n d i c a t i o n s t h a t the 
c a r b a c h o l i n d u c e d i n c r e a s e i n t r a n s e p i t h e l i a l p e r m e a b i l i t y i s not 
caused by the enzyme s e c r e t i o n as s u c h . The f a c t t h a t 2 , 4 , 6 -
t r i ami n o p y r i mi di ne b l o c k s the p e r m e a b i l i t y i n c r e a s e w i t h o u t 
a f f e c t i n g enzyme s e c r e t i o n f u r t h e r s u p p o r t s our f i n d i n g s t h a t 
the two e f f e c t s of c a r b a c h o l on the pancreas are not d i r e c t l y 
c o u p l e d . 
We have a l s o shown t h a t 2 , 4 , 6 - t r i a m i n o p y r i m i d i n e crosses 
the e p i t h e l i u m from b a t h i n g medium t o s e c r e t e d f l u i d . Upon 
s t i m u l a t i o n w i t h c a r b a c h o l t h e r e i s a l s o an i n c r e a s e i n the 
p e r m e a b i l i t y f o r 2 , 4 , 6 - t r i a m i n o p y r i m i d i n e . T h i s i s not u n e x p e c t e d , 
s i n c e i t s m o l e c u l a r w e i g h t of 125 i s s i m i l a r t o t h a t o f o t h e r 
s u b s t a n c e s , whose p e r m e a b i l i t i e s are i n c r e a s e d . The s e c r e t i o n 
peak f o r 2 , 4 , 6 - t r i a m i n o p y r i m i d i n e d o e s , however, c o i n c i d e w i t h 
the p r o t e i n peak ( f i g . 7 . 4 ) , i n c o n t r a s t t o the s e c r e t i o n peaks 
o f s u c r o s e and Ca i o n , which always o c c u r some ten minutes a f t e r 
the p r o t e i n peak ( c h a p t e r 6 and f i g . 7 . 1 i n t h i s c h a p t e r ) . Th is 
suggests t h a t i f 2 , 4 , 6 - t r i a m i n o p y r i m i d i n e passes t h r o u g h t h e 
t i g h t j u n c t i o n s , i t s t r a n s p o r t i s i n some way f a c i l i t a t e d , or 
e l s e t h a t i t passes t h r o u g h the c e l l s , i n which case i t would 
have t o p e n e t r a t e both the basal and the a p i c a l membranes. 
The p h y s i o l o g i c a l s i g n i f i c a n c e o f the i n c r e a s e d p a r a c e l l u l a r 
p e r m e a b i l i t y a f t e r c h o l i n e r g i c or hormonal s t i m u l a t i o n o f the 
enzyme s e c r e t i o n o f the pancreas i s not y e t c l e a r . S i m i l a r 
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increases in permeability of junctional complexes have been 
observed in other epithelia. Parsons et al. (1977) have shown that 
horseradish peroxidase can pass by way of the paracellular route 
between the acinar cells of the submandibular gland after 
stimulation with adrenalin. Linzell and Peaker (1973) and Peaker 
and Taylor (1975) have suggested that the tight junctions open 
up during the onset of lactation in goat and rabbit mammary 
gland. Simani et al. (1974) have shown that cigarette smoke 
increases the permeability of the junctional complexes of 
respiratory epithelium to horseradish peroxidase. T h u s , it seems 
quite likely that also in the pancreas the junctional complexes 
open up during stimulation of its exocrine secretion. 
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CHAPTER 8 EFFECTS OF CALCIUM-FREE MEDIUM AND SOME PHARMACOLOGICAL 
AGENTS ON THE SECRETORY PROPERTIES OF THE PANCREAS 
8 . 1 I n t r o d u c t i o n 
In the p r e v i o u s c h a p t e r s we have shown t h a t monovalent c a t i o n s 
( c h a p t e r 3 ) , d i v a l e n t c a t i o n s ( c h a p t e r 5) and n o n - e l e c t r o l y t e s 
move t o the p a n c r e a t i c s e c r e t o r y f l u i d m a i n l y t h r o u g h t h e 
p a r a c e l l u l a r pathway. A d d i t i o n a l l y we have shown t h a t t h e 
p e r m e a b i l i t y o f t h i s pathway i s i n c r e a s e d by s t i m u l a n t s 
o f the enzyme s e c r e t i o n ( c h a p t e r 6) and t h a t t h i s i n c r e a s e i s 
not the d i r e c t r e s u l t o f s t i m u l a t e d p r o t e i n s e c r e t i o n ( c h a p t e r 
7 ) . 
I t w o u l d be i n t e r e s t i n g t o l e a r n more about t h e m o l e c u l a r 
mechanism o f t h i s p e r m e a b i l i t y i n c r e a s e . Some s u g g e s t i v e 
f i n d i n g s have been r e p o r t e d i n r e c e n t y e a r s . I n c u b a t i o n o f 
guinea p i g pancreas i n a Ca-Mg-free medium induces p r o g r e s s i v e 
f r a g m e n t a t i o n o f the t i g h t j u n c t i o n s w i t h a p a r a l l e l decrease 
i n the amount o f t h e j u n c t i o n a l s t r a n d s ( M e l d o l e s i e t a l . , 
1 9 7 8 ) . T h i s c o u l d i n p r i n c i p l e r e s u l t i n a change o f the 
p e r m e a b i l i t y p r o p e r t i e s o f the p a r a c e l l u l a r pathway. M i c r o ­
f i l a m e n t s may a l s o p l a y a r o l e i n p a r a c e l l u l a r p e r m e a b i l i t y . They 
are observed t h r o u g h o u t the a c i n a r c e l l , c o n v e r g i n g e s p e c i a l l y 
on j u n c t i o n a l complexes (Kern and F e r n e r , 1 9 7 1 ; Seybold e t a l . , 
1975; W i l l i a m s , 1 9 7 7 ) . C y t o c h a l a s i n В at s u f f i c i e n t l y h igh 
c o n c e n t r a t i o n s causes d i s r u p t i o n o f the m i c r o f i l a m e n t s and 
i n h i b i t i o n o f enzyme s e c r e t i o n (Bauduin e t a l . , 1975; Seybold 
e t a l . , 1975; W i l l i a m s , 1977; Stock et a l . , 1 9 7 8 ) . 
C l a n o b u t i n e (4-[ p - c h l o r o - N - ( p - m e t h o x y p h e n y l ) b e n z a m i d o ] b u t y r i c 
a c i d ) , which i s c l i n i c a l l y used t o improve r a d i o n u c l i d e imaging 
i n the human pancreas (Hotz e t a l . , 1 9 7 7 ) , has been shown t o 
s t i m u l a t e s e c r e t i o n i n r a t p a n c r e a t i c f r a g m e n t s . The e f f e c t s 
s t a r t r a t h e r l a t e and p e r s i s t r e l a t i v e l y l o n g (Hotz e t a l . , 
1 9 7 7 ) , which suggests t h a t t h i s drug a l s o a f f e c t s t h e p a r a ­
c e l l u l a r pathway. 
In t h i s c h a p t e r we d e s c r i b e s t u d i e s on the e f f e c t s of a Ca-
M g - f r e e medium, o f c y t o c h a l a s i n В and o f c l a n o b u t i n e on the 
s e c r e t o r y processes of the i s o l a t e d r a b b i t p a n c r e a s . 
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The clanobutine experiments were carried out in collaboration 
with Prof. Dr. J. Hotz and Prof. Dr. H. Goebell, Department 
of Gastroenterology, University of Essen, Essen, G.F.R. 
8.2 Materials and Methods 
8.2.1 General 
The materials, the preparation of the rabbit pancreas, the 
incubation medium and sample collection procedures as well as 
the assay methods are described in chapter 2. 
8.2.2 Dissolving ayzcahalasin В and A 23187 
Cytochalasin В (0.25-0.67 mg) is dissolved in DMSO, and the 
resulting solution is added to the bathing medium so that the 
final concentration of DMSO is 0.3% (v/v). 
The ionophore A 23187 (3.5 μιηοΐ) is dissolved in 500 nl aceton, 
after which 1 ml ethanol is added. The 1.5 ml solution is added 
to the bathing medium, so that the final concentrations of 
A 23187, aceton and ethanol are 10" 5M, 0.15% (v/v) and 0,3% (ν/ν) , 
respecti vely. 
Clanobutine (0.12 and 1.16 mmol) is dissolved in 3 ml DMSO, 
and the resulting solution is added to the bathing medium so that 
the final concentrations of clanobutine are 0.33 and 3.3 mM and 
of DMSO 1% (v/v). 
8.3 Results 
8.3.1 Effects of a Ca-Mg-free medium on sucrose permeability 
The e f f e c t o f a d i v a l e n t c a t i o n f r e e medium on the 
p e r m e a b i l i t y o f the i s o l a t e d r a b b i t pancreas f o r sucrose i s 
14 s t u d i e d by adding C-sucrose t o the b a t h i n g medium. This medium 
i s r e p l a c e d a f t e r 1 h by a medium f r e e of d i v a l e n t c a t i o n s , 
c o n t a i n i n g 0 . 1 mM EGTA. Table 8.1 shows t h a t the f l u i d s e c r e t i o n 
i s not changed by t h i s r e p l a c e m e n t o f the medium. The p r o t e i n 
s e c r e t i o n i s , however, s i g n i f i c a n t l y l o w e r than i n the c o n t r o l 
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Table 8 . 1 E f f e c t s o f a c a l c i u m and magnesium f r e e KRB-
medium (EGTA-mediurn) on the r a t e o f f l u i d s e c r e t i o n and the 
s u c r o s e c o n c e n t r a t i o n i n the s e c r e t e d f l u i d of the i s o l a t e d 
r a b b i t p a n c r e a s . 
0-60 m i n : KRB-medium p r e s e n t ; 60-150 m i n : EGTA-medium p r e s e n t 
( i n c o n t r o l KRB-medium). 
E f f e c t s are expressed as the r a t i o ' s o f the average values 
o f the 140-150 min p e r i o d to t h a t o f the 50-60 min p e r i o d . 
e x p e r i ment 
c o n t r o l 
a f t e r 1 h 
EGTA-medi urn 
f l u i d s e c r e t i o n 
r a t i o 
0.92 + 0. 13 
0.92 + 0.06 
p r o t e i n s e c r e t i o n 
r a t i o 
0.9 + 0.3 
0.5 + 0 . 1 
s u c r o s e cone. 
r a t i o 
1.7 + 0.2 
3.3 + 0.7 
η 
4 
9 
Values are expressed w i t h SE and number o f e x p e r i m e n t s (n) 
medium, w h i l e the sucrose o u t p u t i s s i g n i f i c a n t l y h i g h e r i n the 
EGTA-medi urn. 
When the i o n o p h o r e A 23187 i s p r e s e n t i n the EGTA-medium, mere 
2 + 
a d d i t i o n o f Ca ions leads t o enzyme s e c r e t i o n ( S c h r e u r s et a l . , 
1976 ). Since the i o n o p h o r e r e p l a c e s the membrane and c y t o p l a s m i c 
r e c e p t o r s i n v o l v e d i n the enzyme s e c r e t i o n p r o c e s s , i t can be 
used as a u s e f u l t o o l i n s t u d y i n g whether s t i m u l a t i o n o f enzyme 
s e c r e t i o n as such would lead t o an i n c r e a s e d s u c r o s e p e r m e a b i l i t y 
o f the p a r a c e l l u l a r pathway. F i g . 8 .1 shows t h a t t h e r e i s 
i n d e e d an i n c r e a s e i n enzyme s e c r e t i o n upon a d d i t i o n o f Ca t o 
an A 2 3 1 8 7 - c o n t a i n i n g EGTA-medium. The amount o f p r o t e i n 
s e c r e t e d i n the 180-210 min p e r i o d (A 23187 + C a 2 + ) i s 7.2 (SE= 
l . l ; n = 3 1 t imes the amount s e c r e t e d i n the 30-60 min c o n t r o l p e r i o d . 
Sucrose s e c r e t i o n i s , however, not i n c r e a s e d : the i n the 230-240 
min p e r i o d (A 23187 + Ca + ) i s 1.0 ( S E = 0 . 1 ; n=3) t imes the 
amount i n the 170-180 min p e r i o d (A 23187, no C a 2 + ) . T h i s 
i n d i c a t e s t h a t s t i m u l a t i o n o f enzyme s e c r e t i o n as such does not 
l e a d t o an i n c r e a s e i n s u c r o s e p e r m e a b i l i t y . Some c a u t i o n must 
be e x e r c i s e d i n drawing t h i s c o n c l u s i o n , s i n c e the amount of 
p r o t e i n s e c r e t i o n caused by the i o n o p h o r e i s o f the same o r d e r 
as t h a t o b t a i n e d w i t h 10 M c a r b a c h o l ( T a b l e 6 . 2 ) , which 
s u b s t a n c e leads t o a 2.1 (SE=0.2; n=4) f o l d i n c r e a s e i n sucrose 
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Fig. B.J Effect of the ionophore A 23187 on protein and sucrose 
conoentrations in the fluid secreted by the isolated rabbit 
pancreas. KRB= Krebs-Ringer bicarbonate medium; "EGTA"=EGTA-
medium present; "FGTA" + A 23187 = EGT A-rie di um with 10~5 M 
A 23187; KRB + A 23187 - Krebs-Finger bicarbonate medium with 
10~s M A 23187. 
Representative for 3 experirnents. 
p e r m e a b i l i t y . The i o n o p h o r e e x p e r i m e n t s a r e , however, c a r r i e d 
o u t i n an EGTA-medium, which by i t s e l f causes an i n c r e a s e i n 
s u c r o s e p e r m e a b i l i t y (Table 8 . 1 ) , whereas the e x p e r i m e n t s w i t h 
c a r b a c h o l have been c a r r i e d out i n a normal KRB-medium. 
5 . 3 . 2 Effects of cytochalasin В 
The e f f e c t s o f c y t o c h a l a s i n В on the i s o l a t e d r a b b i t pancreas 
have been s t u d i e d at c o n c e n t r a t i o n s r a n g i n g f rom 0.7 t o 1 . 9 ц д / т 1 . 
C y t o c h a l a s i n В has t o be d i s s o l v e d i n DMSO, which g i v e s a f i n a l 
c o n c e n t r a t i o n o f t h i s s o l v e n t i n the b a t h i n g medium o f 0.3% ( v / v ) 
However, i n s e c t i o n 8 . 3 . 3 i t w i l l be shown t h a t even at 1% 
c o n c e n t r a t i o n DMSO a f f e c t s n e i t h e r the f l u i d s e c r e t i o n nor the 
s u c r o s e and p r o t e i n c o n c e n t r a t i o n i n the s e c r e t e d f l u i d . 
F i g . 8.2 shows a t y p i c a l e x p e r i m e n t i n which a f t e r 1 h 
c y t o c h a l a s i n В ( i n c o n c e n t r a t i o n o f 1 μg/ml) and a f t e r 2 h 
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-5 Tabi e 8.2 Effects of carbachol (10 M) in combination with different concentrations 
cytochalasin В on the rate of fluid secretion and the sucrose and protein concentrations 
in the secreted fluid of the isolated rabbit pancreas (experiment carried out as in 
fig. 8 . 2 ) . 
P e r i o d I : 30-60 min p e r i o d ( c o n t r o l p e r i o d ) ; p e r i o d I I : 90-120 min p e r i o d ( c y t o c h a l a s i n В 
p r e s e n t ) ; p e r i o d I I I * : 120-180 min p e r i o d ( p r o t e i n peak p e r i o d ; c a r b a c h o l and c y t o c h a l a s i n 
В p r e s e n t ) ; p e r i o d IV: 180-210 min p e r i o d ( s t e a d y s t a t e p e r i o d ; c a r b a c h o l and c y t o c h a l a s i n 
8 p r e s e n t ) . 
* f o r p r o t e i n o u t p u t the amount s e c r e t e d i n the 120-180 min p e r i o d i s t a k e n and d i v i d e d by 2, 
Values are g i v e n w i t h SE and number o f e x p e r i m e n t s (n) 
Addition fluid secretion ratio 
period II period IV 
period I period I 
protein secretion ratio 
period II period III 
period I period I 
sucrose output ratio 
period II peri od IV 
period I period I 
carbachol 1.07 + 0.05 0.86 + 0.07 
carbac 
c y t o c h 
8 ( 0 . 7 0 
ц д / т і ) 
carbac 
c y t o c h 
8 ( 1 . 0 5 
й д / т і ) 
carbac 
c y t o c h 
B(1.90 
ng/ml ) 
hoi + 
a l as i η 
1.04 + 0.04 0.69 + 0.08 
hol + 
a 1 a s i η 
0.90 + 0.04 0.14 + 0.01 
hol + 
a l a s i n 
0.85 + 0.05 0.10 + 0.02 
0.80 + 0.10 5.69 + 1.75 
0 .81 + 0. 14 8.3 + 2 . 4 
0.68 + 0 . 1 2 1.69 + 0.49 
0.75 + 0. 10 1.41 + 0.56 
1.21 + 0.07 5.08 + 0.75 
1.62 + 0.09 6.32 + 1.05 
2 .11 + 0.02 3.41 + 0.70 
2.28 + 0.16 3.58 + 1.09 
0 1 2 3 time (h) 
Fig. 8.2 Effects of oytoohalasin В (l\ig/ml) in combination 
with 10~5M aarbaahol on flow vate and on sucrose and protein 
oonoentrations in the secreted fluid. After 1 h cytochalasin В 
and after 2 h aarbachol is added to the bathing medium. 
Fluid secretion: ; protein concentration: -o-o-; sucrose 
concentration: -·-·-#-. 
bathing medium and after 2 h 10" 5M carbachol. It appears that 
cytochalasin В alone hardly affects protein and fluid secretion 
and slightly stimulates sucrose secretion. Upon addition of 
-5 10 M carbachol fluid secretion is dramatically decreased, while 
protein and sucrose concentrations are increased. 
In table 8.2 the results of experiments with different 
cytochalasin В concentrations are summarized. In the absence 
of carbachol both fluid and protein secretion are unaffected. 
The sucrose ouput in the secretory fluid is increased in a dose-
dependent way. 
Addition of carbachol in the presence of cytochalasin В 
markedly reduces the fluid secretion at higher cytochalasin В 
concentrations. This decrease in flow rate leads to a retardation 
in the protein secretion. Protein secretion is, however, also 
decreased by the higher concentrations of cytochalasin B. 
Addition of carbachol in the absence of cytochalasin В causes 
an increase in the sucrose concentration and output in 
the secreted fluid. In the combined presence of cytochalasin В and 
carbachol there is also an increase in the sucrose concentration, 
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Fig. 8.3 Effect of 3.Z mM alanobutine on flow rate and protein 
secretion. The horizontal bar indicates the period during which 
clanobutine is present in the bathing medium. 
A typical experiment representative for Ζ experiments 
с ; 
l i 
3-60H 
T3 
5 
и 
<5ì 2 0 -
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. l i : - 20 t 
4 
Time (h) 
Fig. 8.4 Effect of 3.3 mM clanobutine added after 1 h and 
10 s M carbachol after 2 h on flow rate and protein secretion. 
After 3.5 h the medium is replaced by a normal KRB-medium. 
Representative for 4 experiments. 
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but now the flow is reduced. Thus the increase in sucrose 
output is not significantly increased at cytochalasin В 
concentrations >1 μς/πιΐ as compared to the amount secreted in 
the presence of cytochalasin В alone. 
We then investigated whether the time of addition of cyto­
chalasin В to the bathing medium is cri ti cal.Several experiments 
are performed in which carbachol is added after 90 min and the 
moment of cytochalasin В addition (1 дд/ті) is varied from 30 
min before to 30 min after addition of carbachol. When the rate 
of fluid secretion in the 60-90 min period after carbachol 
addition is compared to that in the 30 min period before 
carbachol addition, no difference in relative decrease in flow 
rate is obtained when cytochalasin В is added before (decrease 
43 + SE 9.9%; n=4) or simultaneously with or after (decrease 
51 + SE 4.4%; n=6) carbachol (10" 5M) addition. This flow rate 
is somewhat high compared with the values presented in table 
8.2, where 86% decrease in flow rate is found with 1.05 цд/ті 
cytochalasin B. A possible explanation for this finding is the 
very critical cytochalasin В concentration needed to obtain 
an effect (Table 8.2). With pancreozymin-C-octapeptide 
_ о 
(10 M) the same results as with carbachol are obtained. 
8.3.3 Effects of olanobutine alone 
The effects of clanobutine on the isolated rabbit pancreas 
have been studied at two concentrations: 0.33 and 3.3 тИ. Since 
clanobutine is insoluble in water, we have dissolved it first 
in dimethyIsulfoxide (DMS0), resulting in a final concentration 
of 1% (v/v) of DMS0 in the bathing medium. The addition of 1% 
DMS0 (v/v) to the bathing medium after 1 h preincubation has 
no effects on either the fluid or the protein secretion 
(Table 8.3). 
Fig. 8.3 shows a typical experiment in which 3.3 mM clano­
butine is added to the bathing medium after 1 h preincubation. 
Two effects are visible: a decrease of the flow rate, which 
reaches a plateau after 30 min, and a stimulation of the protein 
secretion. The effect on the flow rate is almost completely 
reversible: when the clanobutine containing medium is replaced 
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Tabi e 8.3 Effects of clanobutine on the isolated rabbit pancreas. 
additions to the 
bathing medium 
l%(v/v) DMSO 
0.33 mM clanobutine 
in DMSO 
3.3 mM cianobuti ne 
in DMSO 
protein ratio 
0.9 + 0.5 
1.7 + 0.8 
3.4 + 0.5 
flow ratio 
1.12 + 0.15 
1.05 + 0.18 
0.53 + 0.06 
η 
2 
2 
14 
Protein ratio: ratio of the amount of protein secreted 30-60 min 
after addition to the amount of protein secreted in the 30 min 
period before addition. 
Flow ratio: the same for the fluid secretion. 
Values are given with SE and the number of experiments ( n ) . 
by the control medium, the average flow rate returns to about 
80% of that before exposure to clanobutine. 
The results of all experiments with 0.33 and 3.3 mM clano­
butine are summarized in table 8.3. The amount of protein 
secreted in the period 30-60 min after addition of clanobutine, 
when peak secretion is obtained (see fig. 8.3) is compared with 
the amount of protein secreted in the 30 min period before 
addition of clanobutine. The flow rates are compared for the 
same period. The lower dose of clanobutine has hardly any effect 
when compared with the control values. The higher dose, however, 
inhibits flow by about 50% and stimulates protein secretion by 
a factor 3.4. 
8.3.4 Effects of adding a stimulant after clanobutine 
administration 
In order to evaluate whether clanobutine affects the receptors 
for acetylcholine or pancreozymin, we have added carbachol or 
pancreozymin-C-octapeptide to the bathing medium after the 
addition of clanobutine. 
Fig. 8.4 shows a typical experiment, in which 10 M carbachol 
is added 1 h after addition of 3.3 mM clanobutine. We observe that 
carbachol is still able to stimulate protein secretion, but the 
resulting protein peak occurs later than normally observed (cf. 
carbachol stimulation, fig. 8 . 5 ) . The shift of the peak may be due 
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to the lowered r a t e o f f l u i d s e c r e t i o n i n the presence of c l a n o -
- 8 b u t i n e . A s i m i l a r r e s u l t i s ob ta i ned when 2.10 M pancreozymin-
C - o c t a p e p t i d e i s added to the b a t h i n g medium i n s t e a d of c a r b a c h o l . 
We do not observe any e f f e c t o f carbacho l or pancreozymin-C-
o c t a p e p t i d e on the f l u i d s e c r e t i o n , which remains about 50% 
i n h i b i t e d . When the medium, c o n t a i n i n g c l a n o b u t i n e and the 
s t i m u l a n t i s r ep laced by normal KRB-medium, f l u i d s e c r e t i o n 
r e t u r n s to about 80% of t h a t be fo re exposure to c l a n o b u t i n e . 
8.3.5 Effeats of adding a stimvlant before clanobutine 
administration 
We have also investigated the effects of clanobutine after 
prior addition of carbachol. Fig. 8.5 shows a typical experiment, 
-5 in which 10 M carbachol is added 1 h before addition of 3.3 mM 
clanobutine, Upon addition of carbachol the fluid secretion is 
hardly changed, but the protein secretion is activated, resulting 
in an increased enzyme concentration in the secreted fluid. When 
clanobutine (3.3 mM) is added to the bathing medium 1 h after 
addition of carbachol, this does not further enhance enzyme 
secretion, but inhibits fluid secretion by 50 (SE=5; n=4)%. When 
the medium containing carbachol and clanobutine is replaced by 
normal KRB-medium, fluid secretion returns almost to its 
original level. 
8.3.6 Effects of atropine 
We have also studied the effects of atropine, which anta-
gonizes the action of cholinergic agents on the action of 
- 4 
clanobutine. When 10 M atropine is added 20 min before addition 
of clanobutine to the bathing medium of the isolated rabbit 
pancreas, we still observe an inhibition of the fluid secretion: 
45 (SE=7; n=5)%. The ratio between the protein output in the 
30-60 min period after addition of clanobutine to the amount 
of protein secreted in the 30 min period before addition is 1.8 
(SE=0.2; n=5). This value is significantly lower than in the 
absence of atropine (3.4 + 0.5; n=14; Table 8.3). 
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Fig. 8.5 Effects of 10 M aarbaahol added after 1 h and Z.Z 
тг\Ц аЪапоЪиЫпе after 2 h on flow rate and vrotein secretion. 
After 3.S h the medium is replaced by a normal KRB-medium. 
Representative for 4 experiments. 
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F-ig. 8.6 Effect of a Ca-Mg-free medium on the alanobutine 
action. The upper horizontal bar indicates the period during 
which the Ca-Mg-free EGTA-medium is present and the lower 
horizontal bar the presence of clanobutine. 
Representative for 12 experiments. 
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S.Ζ.7 Effects of a Ca-Mg-fvee medium 
The e f f e c t s o f c l a n o b u t i n e i n an EGTA-medium are not 
d i f f e r e n t f r o m those i n a normal i n c u b a t i o n medium ( f i g . 8 . 6 ) . 
The f l u i d s e c r e t i o n i s i n h i b i t e d by 55 (SE=4; n=12)%, whereas the 
p r o t e i n o u t p u t i s i n c r e a s e d by a f a c t o r 2.8 (SE=0.4; n = 1 2 ) . Th is 
f a c t o r i s the r a t i o between the amount o f p r o t e i n s e c r e t e d i n the 
30-60 min p e r i o d a f t e r a d d i t i o n o f c l a n o b u t i n e and the amount 
o f p r o t e i n s e c r e t e d i n the 30 min p e r i o d b e f o r e i t s a d d i t i o n . 
8.3.8 Effects on sucrose permeability 
The r e d u c t i o n i n f l o w r a t e caused by c l a n o b u t i n e makes i t 
somewhat d i f f i c u l t t o s t u d y the e f f e c t on the sucrose 
p e r m e a b i l i t y . An i n c r e a s e o f the s u c r o s e c o n c e n t r a t i o n i n the 
s e c r e t e d f l u i d i s o b s e r v e d , when c l a n o b u t i n e i s added t o the 
b a t h i n g medium 1 h a f t e r a d d i t i o n of 2 mM sucrose ( f i g . 8 . 7 ) . 
However, the s u c r o s e o u t p u t ( f l o w χ c o n c e n t r a t i o n ) does not 
i n c r e a s e s i g n i f i c a n t l y above the c o n t r o l l e v e l (Table 8 . 4 ) . 
Table 8.4 E f f e c t s o f c l a n o b u t i n e ( 3 . 3 mM) on the s u c r o s e 
c o n c e n t r a t i o n i n the s e c r e t e d f l u i d and on the amount o f 
sucrose t r a n s p o r t e d . 
C l a n o b u t i n e i s added a f t e r 60 m i n . 
P e r i o d I : 30-60 min p e r i o d ( c o n t r o l p e r i o d ) ; p e r i o d I I : 
150-180 min p e r i o d ( c l a n o b u t i n e p r e s e n t ) . 
Values are g iven w i t h SE and the number o f e x p e r i m e n t s ( n ) . 
A d d i t i o n 
c o n t r o l 
c l anobut ine 
s u c r o s e cone, i n s e c r e t e d f l u i d (%) 
p e r i o d I p e r i o d I I p e r i o d I I 
p e r i o d I 
3 . 5 + 0 . 4 7 . 9 + 1 . 3 2 . 2 + 0 . 2 
2.2 + 0.4 12.7 + 2.4 5.9 + 0.2 
sucrose o u t p u t 
p e r i o d I I 
p e r i o d I 
1.8 + 0.5 
1.6 + 0.3 
η 
4 
2 
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Fig. 8.7 Effects с f alanobutine (Ζ. 2 mM) on sucrose oonoentration 
in the secreted fluid (fig. 8.7 A) and amount of sucrose 
transported (fig. 8.7 B). 
At t-0 2 mM14C-sucrose and at t-1 h 3.3 mM alanobutine are 
added to the bathing medium of the isolated rabbit pancreas. 
Pepresentative for 2 experiments. 
8.4 Discussion 
8.4.1 Effect on fluid secretion 
Our studies on the effects of the drugs cytochalasi η В and 
clanobutine on the one hand and of the divalent cation free 
EGTA-medium on the other hand supply interesting information 
on the secretory processes of the pancreas. 
Fluid secretion is not affected by the EGTA-medium, nor by 
cytochalasin В at any of the applied concentrations. Clanobutine 
at a 3.3 mM concentration causes 50% inhibition of the flow 
rate. This inhibition is reversible and is not influenced by 
atropine, the presence of carbachol before or after addition 
of clanobutine or the presence of an EGTA-mediurn. The most 
remarkable effect on fluid secretion is the inhibition obtained, 
when carbachol is added after prior treatment with cytochalasin В 
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(1-1.9 ug/ml (Table 8 . 2 ) . 
How to explain these effects on fluid secretion? Effects of 
clanobutine on the N a + - K -ATPase activity can be excluded (see 
Table 2 . 1 ) . Several other possibilities remain: effects on 
energy metabolism or on one of the carriers involved in the 
fluid secretion process of either acinar or ductular cells. The 
inhibitory effect of carbachol after prior treatment with cyto-
chalasin В is not easy to explain either. The isolated rabbit 
pancreas has a high rate of fluid secretion, which is hardly 
stimulated by secretin. It thus seems that the fluid secretion 
is stimulated by an unknown factor in the preparation. It may 
be that the combined addition of cytochalasin В and carbachol 
blocks this activation process, so that fluid secretion returns 
to its normal resting level in vivo. The molecular mechanism 
of the inhibitory effect remains unexplained. It may be that 
cytochalasin В affects the structure of either the pancreatic 
or ductular cell in such a way that carbachol can now reach a site, 
where it leads to inhibition of fluid secretion. In the absence 
of cytochalasin В carbachol often causes a slight, reversible 
inhibition of fluid secretion, and it may thus be that pre­
treatment with cytochalasin В enhances this effect of carbachol. 
An alternative possibility would be that carbachol opens the 
tight junction for cytochalasin B, so that the latter agent 
can reach the outside of the apical membrane. However, preliminary 
experiments with radiolabeled cytochalasin В show that even in 
the absence of carbachol it enters the secretory fluid, after 
its addition to the bathing medium. 
Cytochalasin В has previously been applied on various 
preparations of rat and mouse pancreas (Bauduin et al., 1975; 
Seybold et al., 1975; Morisset and Beaudoin, 1977; Williams, 
1977; Stock et al., 1978). In none of these studies effects on 
fluid secretion and on ductular cell structure have been 
reported. In acinar cells there are microfilaments, which are 
concentrated below the apical plasma membrane and which converge 
on the junctional complex (Kern and Ferner, 1971; Bauduin et al., 
1975; Seybold et al., 1975; Williams, 1977; Stock et al., 1978). 
Cytochalasin В in concentrations above 5 цд/ті disrupts these 
microfilaments, but no structural effects were seen in the 
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8.4.2 Effects on enzyme secretion 
The enzyme secretion in the resting rabbit pancreas is 
reduced by 50% in the presence of a Ca-Mg-free EGTA-medium. This 
could mean that an influx of calcium ions is necessary for the 
unstimulated enzyme secretion, as it is for maintenance of the 
stimulated secretion (Schreurs et al., 1976 ). 
Clanobutine (3.3 mM) leads to a 3-fold stimulation of enzyme 
secretion, but the effect is relatively slow as compared to the 
effects of carbachol and pancreozymin. Hotz et al. (1977) also 
found that in rat pancreas this drug gives a slow, but long-
lasting effect on enzyme secretion. Pretreatment with clanobutine 
does not prevent further stimulation of the enzyme secretion by 
carbachol, but after pre-stimulation by carbachol clanobutine 
does not give any further enzyme secretion (fig. 8.5). It may 
be that the amount of protein available for secretion is already 
exhausted by the treatment with carbachol. The stimulatory 
effect of clanobutine does not depend on the presence of divalent 
cations in the medium. The fact that the protein secretion 
induced by clanobutine is somewhat less in the presence of atropine, 
may suggest that this drug acts at least partially by releasing 
acetylcholine from an intracellular store. 
Cytochalasin В has no effect on the basal protein secretion 
(Table 8.2), but it strongly inhibits the carbachol stimulated 
protein secretion in concentrations above 1 цд/ші. At the cyto­
chalasin В concentrations used in this study (0.7-1.9 ug/ml) no 
effects on enzyme secretion induced by acetylcholine or a 
derivative were found by Bauduin et al. (1975) and Seybold et 
al. (1975), whereas Morisset and Bauduiη(1977) and Williams (1977) 
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found marked inhibition. The dose dependence of the cytochalasin 
В inhibition of amylase release induced by bethanochol in mouse 
pancreatic fragments (Williams, 1977) is very similar to the 
dose dependence observed in this study. It is not known whether 
the inhibitory effect of cytochalasin В on carbachol induced 
enzyme secretion is due to its effect on microfilaments. 
Cytochalasin В has no effect on the ATP content of the pancreas 
with or without carbachol (Bauduin et al., 1975) or bethanochol 
(Williams, 1 9 7 7 ) . Neither does it effect the oxygen consumption 
of rat pancreatic fragments (Morisset and Beaudoin, 1 9 7 7 ) , or 
45 the Ca movements in rat pancreas (Bauduin et al., 1975; 
Morisset and Beaudoin, 1 9 7 7 ) . However, cytochalasin В inhibits 
the monosaccharide transport system, which could explain its 
inhibition of the enzyme secretion (Bauduin et al., 19 7 5 ) . 
8.4.3 Effects on sucrose perneability 
Incubation of the isolated rabbit pancreas in a divalent 
cation medium (Table 8.1) or in the presence of cytochalasin В 
leads to a twofold increase in the sucrose output in the 
secretory fluid, suggesting that the permeability of the tight 
junctions is increased. The increase caused by the absence of 
divalent cations is in agreement with the electron-microscopic 
observations of Meldolesi et al. (1978) on guinea pig pancreas. 
They observed that a Ca -free incubation medium with additional 
EGTA results in disassembly of the tight junctions with an 
apparent decrease in the amount of junctional strands in the 
cell. This suggests that divalent cations, particularly calcium, 
are important in maintaining the junctional structures and the 
permeability characteristics of the tight junctions. 
The stimulatory effect of cytochalasin В on the sucrose 
permeability and the fact that the microfilaments converge on 
junctional complexes suggests that cytochalasin В acts by 
disruption of the microfilaments. However, as stated in section 
8.4.2, cytochalasin В may very well act in the pancreatic cells 
on other places than the microfilaments. It may act on the 
tight junctions by a mechanism similar to that of carbachol. This 
could explain the finding that carbachol does not give any 
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further increase in sucrose permeability after pretreatment with 
cytochalasin В (Table 8 . 2 ) . 
Our attempts to use A 23187 and clanobutine in order to 
distinguish between stimulation of enzyme secretion and of 
sucrose permeability were only partially succesful. Neither agent 
stimulates sucrose permeability, whereas both stimulate enzyme 
secretion. The degree of stimulation of enzyme secretion is 
considerably lower than that obtained with 10" M carbachol , at 
which concentration the increase in sucrose permeability is 
largest. In addition, the necessity to apply A 23187 in an EGTA-
medium, which by itself increases sucrose permeability, makes 
the interpretation of the lack of an effect of this ionophore 
somewhat doubtful. However, the combination of these findings 
with the atropine effects (chapter 6) and the effect of 
2,4,6 tri aminopyrimidi ne (chapter 7) strongly suggest that 
enzyme secretion and increase in sucrose permeability are un­
coupled phenomena. 
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CHAPTER 9 THE REFLECTION COEFFICIENT AS A MEASURE FOR 
TRANSEPITHELIAL PERMEABILITY IN THE ISOLATED RABBIT 
PANCREAS 
9 . 1 Introduction 
The transepithe!ι al permeability of the pancreas for non-
electrolytes, moving from the serosal to the lumenal side, can 
be determined in two different ways. In the first method a 
known concentration of a radioactive substance is added to the 
external medium of the isolated rabbit pancreas and after 
equilibration its concentration in the secreted fluid is measured. 
In the second method the reflection coefficient, as first 
defined by Staverman (1951) ,1s determined for the permeating 
substance by measuring the reduction of the rate of fluid 
secretion after addition of an osmotic load of the substance 
to the serosal medium. The first method has been described in 
chapters 5-8, while the second method and the results obtained 
with it will be described in this chapter. We have first 
determined the reflection coefficient for a number of non-
electrolytes for the unstimulated rabbit pancreas and have 
compared the results with those obtained by Dewhurst et al. 
(1978) for the isolated cat pancreas. 
In the previous chapters we have shown that the permeability 
for small electrolytes, measured with the tracer method, is 
increased after addition of carbachol to the bathing medium of 
the rabbit pancreas. This increase should result in a lowering 
of the reflection coefficient. We have therefore, in addition 
determined the reflection coefficient for sucrose before and 
-5 
after addition of 10 carbachol. 
In chapter 3 we have analysed the permeability for Na , Κ , 
choline -ion and Cl" by using radioisotopes and with the aid 
of Na replacement studies. In the present chapter we have 
also applied the reflection coefficient method for a number of 
salts used in the above study. 
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9.2 Materials and Methods 
9. 2.1 General 
The m a t e r i a l s , the p r e p a r a t i o n of the r a b b i t p a n c r e a s , the 
i n c u b a t i o n medium, the i n c u b a t i o n and sample c o l l e c t i o n 
p r o c e d u r e s and the assay methods are d e s c r i b e d i n c h a p t e r 2. 
9.2.2 Peflecticn aoeffioient detevKination 
The r e f l e c t i o n c o e f f i c i e n t can be d e t e r m i n e d by two methods, 
the " z e r o - f l o w " method and the " e q u a l - c o n c e n t r a t i on" method. 
These methods g i v e equal r e s u l t s i n r a b b i t g a l l b l a d d e r 
( W r i g h t and Diamond, 1969) as w e l l as i n r a b b i t k i d n e y 
p r o x i m a l t u b u l e (Kokko e t a l . , 1971). The e x p e r i m e n t s d e s c r i b e d 
i n t h i s c h a p t e r are p e r f o r m e d e s s e n t i a l l y as d e s c r i b e d by 
Dewhurst e t a l . (1978) u s i n g the equal c o n c e n t r a t i o n method. 
In t h i s method t e s t substances and an impermeable r e f e r e n c e 
substance are added i n t u r n i n 100 mM c o n c e n t r a t i o n t o the 
b a t h i n g medium o f the p a n c r e a s . The r e f l e c t i o n c o e f f i c i e n t (
σ
 ) 
i s d e f i n e d as the r a t i o o f the p e r c e n t decrease i n the r a t e 
o f f l u i d s e c r e t i o n caused by the t e s t substance t o the p e r c e n t 
decrease i n the r a t e o f f l u i d s e c r e t i o n caused by the 
impermeable r e f e r e n c e s u b s t a n c e . 
We have used s u c r o s e as r e f e r e n c e substance and as t e s t 
substances u r e a , g l y c e r o l , e r y t h r i t o l , m a n n i t o l , a r a b i n o s e , 
s o r b i t o l , x y l o s e , sodium c h l o r i d e , p o t a s s i u m c h l o r i d e , c h o l i n e 
c h l o r i d e and sodium b i c a r b o n a t e . The l a s t f o u r substances are 
n o t added i n 100 mM but i n 59 mM c o n c e n t r a t i o n , which i s 
i s o s m o t i c w i t h 100 mM s u c r o s e . Exposure t o each substance l a s t s 
30 min f o l l o w e d by a 30-min p e r i o d i n KRB-medium ( f i g . 9 . 1 ) . 
The c a l c u l a t i o n s are based on the r e s u l t s f o r the f i n a l 10-
min p e r i o d o f each 30-min exposure p e r i o d . The r a t e o f f l u i d 
s e c r e t i o n i n the presence o f a substance i s r e f e r r e d t o the 
r a t e i n the l a s t 10-min p e r i o d b e f o r e a d d i t i o n . 
The o s m o l a r i t y o f the i n c u b a t i o n media has been measured w i t h 
an Advanced Osmometer Model ЗА. The o s m o l a r i t y o f the normal 
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Secreted fluid (u l / lOmin ) 
Sucrose Arabinose Urea Mannitol 
Time (h) 
Fig. 9.1 Determination of the reflection coefficients of 
various non-electrolytes in the isolated rabbit pancreas, 
Typical experiment in which every half hour the bathing medium 
is replaced by a fresh KRB-medium to which the indicated non-
electrolyte is added in 100 mM concentration. 
KRB-medium was 289 + 0.5 mOsmole/kg H20 (n=34 ) . A f t e r a d d i t i o n 
o f 100 mM sucrose the o s m o l a r i t y rose to 385 + 1.6 mOsmole/ 
kg H20 (n = 9 ) . In the case o f NaCl , KC l , NaHC03 and c h o l i n e 
c h l o r i d e 59 + 0 .8 mM (n=24) o f each was necessary to o b t a i n the 
same i nc rease i n o s m o l a r i t y as w i t h 100 mM suc rose . 
Some exper iments are c a r r i e d out i n the presence o f c a r b a c h o l . 
- 5 In these exper iments 10 M carbacho l i s added a f t e r 60 min 
i n c u b a t i o n . The next c o n t r o l p e r i o d (normal medium w i t h c a r b a c h o l ) 
i s extended to 60 m i n , whereupon 100 mM sucrose i s added w i t h 
-5 10 ~ M carbacho l f o r a 30-min expe r imen ta l p e r i o d . The r a t e o f 
f l u i d s e c r e t i o n i n the presence o f sucrose and carbacho l i s 
r e f e r r e d to the r a t e o f f l u i d s e c r e t i o n in the presence o f 
carbacho l a l o n e . The c a l c u l a t i o n s are again based on the r e s u l t s 
f o r the f i n a l 10-min p e r i o d s . 
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Tabi e 9 . 1 N o n - e l e c t r o l y t e p e r m e a b i l i t y i n t h e r a b b i t p a n c r e a s : 
t r a c e r method versus r e f l e c t i o n c o e f f i c i e n t method. 
Compound 
urea 
glycerol 
erythri tol 
manm' to! 
s ucrose 
Reflection 
method* 
102 + 3.4 
95 + 4.2 
89 + 3.5 
58 + 4.9 
0 
сое 
(7) 
(7) 
(6) 
(8) 
ff i с i e η t Tracer method** 
99 
88 
94 
59 
3. 
+ 0.8 (3) 
+ 3.5 (5) 
Í 1-7 (4) 
Í 4.6 (5) 
5+ 0.2 (4) 
expressed as 100 ( l - σ ) i n which a r e p r e s e n t s t h e r e f l e c t i o n 
c o e f f i ei ent 
* * v a l u e s r e p r e s e n t the c o n c e n t r a t i o n s i n the s e c r e t e d f l u i d as 
p e r c e n t a g e o f t h a t i n the b a t h i n g medium (=100%) t o which the 
r a d i o a c t i v e n o n - e l e c t r o l y t e s are added i n 2 mM c o n c e n t r a t i o n 
( d a t a taken f rom Table 6 . 1 ) . 
Values r e p r e s e n t averages w i t h t h e s t a n d a r d e r r o r , f o l l o w e d by 
the number o f d e t e r m i n a t i o n s . 
Tabi e 9.2 R e f l e c t i o n c o e f f i c i e n t s o f n o n - e l e c t r o l y t e s i n 
r a b b i t and c a t p a n c r e a s . 
Compound 
urea 
glycerol 
erythritol 
sorbi tol 
manni tol 
arabi nose 
xylose 
sucrose 
rabbi 
-0.02 
0.06 
0.11 
0.41 
0.42 
0. 72 
0.74 
1.0 
t 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
pancreas 
0.03 
0.04 
0.04 
0. 11 
0.05 
0.03 
0.09 
(7) 
(7) 
(6) 
(4) 
(8) 
(3) 
(5) 
cat pancreas 
0.17 + 
0.69 + 
0.91 + 
0.98 + 
-
0.96 + 
0.98 + 
1.0 
0.02 
0.02 
0.01 
0.01 
0.01 
0.01 
* 
(13) 
(11) 
(7) 
(6) 
(9) 
(5) 
Values r e p r e s e n t averages w i t h s t a n d a r d e r r o r , f o l l o w e d by the 
number o f d e t e r m i n a t i o n s i n p a r e n t h e s e s . 
* v a l u e s r e p o r t e d by Dewhurst e t a l . ( 1 9 7 8 ) . 
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9.3 R e s u l t s 
9.3.1 Non-electrolyte reflection coefficient 
A l t h o u g h s u c r o s e i s n o t c o m p l e t e l y impermeable i n the i s o l a t e d 
r a b b i t p a n c r e a s , as has been observed i n c h a p t e r 6 , i t s 
p e r m e a b i l i t y i s s u f f i c i e n t l y low (3,5%) f o r i t t o serve as the 
" i m p e r m e a b l e " r e f e r e n c e s u b s t a n c e . This c h o i c e a l l o w s u s , 
m o r e o v e r , t o compare our measurements o f t h e r e f l e c t i o n co­
e f f i c i e n t s o f n o n - e l e c t r o l y t e s w i t h those o b t a i n e d by Dewhurst 
e t a l . (1978) f o r the i s o l a t e d c a t p a n c r e a s . 
F i g . 9 . 1 shows a t y p i c a l e x p e r i m e n t i n which s u c r o s e and 
s e v e r a l n o n - e l e c t r o l y t e s are s e q u e n t i a l l y added i n 100 mM 
c o n c e n t r a t i o n t o the b a t h i n g medium, a l t e r n a t e d by 30-min c o n t r o l 
p e r i o d s i n normal KRB-medium. The sequence o f the t e s t - s u b s t a n c e s 
i s v a r i e d f r o m e x p e r i m e n t t o e x p e r i m e n t . The r a t e o f f l u i d 
s e c r e t i o n decreases depending on the substance p r e s e n t i n the 
b a t h i n g medium and i n c r e a s e s t o normal va lues when the substance 
i s removed from the b a t h i n g medium. The r e f l e c t i o n c o e f f i c i e n t s 
σ are c a l c u l a t e d f rom these r e s u l t s as d e s c r i b e d under M a t e r i a l s 
and Methods ( s e c t i o n 9 . 2 . 2 ) . 
In the t r a c e r method ( c h a p t e r 6) the t e s t substances are 
added i n 2 mM r a t h e r than 100 mM c o n c e n t r a t i o n . In o r d e r t o see 
w h e t h e r the h i g h e r c o n c e n t r a t i o n s used i n the r e f l e c t i o n co­
e f f i c i e n t a f f e c t the p e r m e a b i l i t y o f the r a b b i t p a n c r e a s , the 
t r a c e r e x p e r i m e n t has been r e p e a t e d w i t h 100 mM s u c r o s e f o l l o w i n g 
2 mM s u c r o s e . T h i s r e s u l t s i n a 5 1 - f o l d (SE=8.4; n=5) h i g h e r 
s u c r o s e o u t p u t ( c o n c e n t r a t i o n χ f l u i d v o l u m e ) , which i s equal 
w i t h i n the e x p e r i m e n t a l e r r o r t o t h e r a t i o o f the b a t h i n g medium 
c o n c e n t r a t i o n s . This i n d i c a t e s t h a t the p e r m e a b i l i t y i s not 
s i g n i f i c a n t l y changed by the 100 mM c o n c e n t r a t i o n s of the t e s t 
substances used i n the r e f l e c t i o n c o e f f i c i e n t method. 
The r e s u l t s o f the two methods can now be compared f o r the 
i s o l a t e d r a b b i t p a n c r e a s . For t h i s purpose the f i n d i n g s f rom the 
r e f l e c t i o n c o e f f i c i e n t method are expressed as 100 ( l - σ ) , and 
those f r o m the t r a c e r method as the r a t i o o f the s e c r e t e d con­
c e n t r a t i o n t o the medium c o n c e n t r a t i o n , m u l t i p l i e d by 100 ( T a b l e 
9 . 1 ) . I t appears t h a t the two methods g i v e q u i t e comparable 
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values for the substances tested. For sucrose, used as the 
impermeable reference substance {a= 1 ) , a permeability of 3.5% 
is found with the tracer method (chapter 6 ) . Table 9.2 shows 
the reflection coefficients of various non-electrolytes, 
determined in the rabbit pancreas compared with those reported 
by Dewhurst et al. (1978) for the cat pancreas. In both cases 
the reflection coefficient for sucrose has been set at 1. 
Since both sets of values are based on a value σ=1 for 
sucrose, the actual permeability of sucrose in both preparations 
must now be compared. For this purpose we have determined the 
concentration of sucrose, which must be added to the external 
medium in order to reduce the fluid secretion rate to zero. We 
find a value of 146 mOsmole/kg ^ O for the isolated rabbit 
pancreas, while Dewhurst et al. (1978) report a value of 131 
mOsmole/kg H-O for the cat pancreas. This suggests that the 
rabbit pancreas is slightly more permeable to sucrose than the 
cat pancreas. This could be confirmed by direct measurements of 
the sucrose concentration in the secreted fluid after addition 
of 100 mM sucrose to the external medium. We find a sucrose 
concentration of 15 mM (SE=1.8; n=5) in the fluid, while 
Dewhurst et al. (1978) report a value of only 3.6 mM. These 
relatively small differences in sucrose permeability should 
cause only a minor error in the determined values of the 
reflection coefficients for both preparations. 
Since the fluid secretion rate decreases depending on the 
permeability of the non-electrolyte added to the bathing medium, 
the osmolarity of the secreted fluid may also differ in that 
case from that of the bathing medium. We have therefore 
determined the cation composition of the secreted fluid in the 
presence of 100 mM sucrose, the least permeable substance we 
have used. 
The electrolyte concentrations in the fluid reach steady 
state values 30 min after addition of 100 mM sucrose. In table 
9.3 the cation composition of the fluid at this time is shown. 
It appears that the sum of the Na + К concentrations in­
creases by 44.4 + 5.6 mM. Assuming neutralization by anions this 
is equivalent to 75 + 9.5 mOsmole/kg H„0, since 59 mM NaCl is 
equivalent to 100 mOsmole/kg N„0 (see section 9 . 2 . 2 ) . Under these 
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circumstances the sucrose concentration in the fluid in-
creases to 15 + 1.8 mM as shown above. This means that the 
osmotic load of 100 mM sucrose in the bathing medium leads to 
a total increase in the osmolarity of the secreted fluid of 
90 + 9.7 mOsmole/kg H O , indicating that osmolarity is 
maintained after addition of 100 mM sucrose. 
Tabi e 9.3 Cation composition of the pancreatic fluid before and 
after addition of 100 mM sucrose. 
cation 
Na+ (mM) 
K+ (mM) 
KRB-medium (control) 
152.5 + 1.6 (14) 
9.0 + 0.3 (14) 
KRB-medi urn with 
100 mM sucrose * 
194.3 + 5 . 4 (12) 
11.6 + 0.4 (14) 
increase (%) 
28 
29 
*represent average concentrations in the secreted fluid in 
the 30-60 min period after addition of sucrose. 
Values are given with SE and the number of experiments in 
parentheses. 
9.3.2 Reflection coefficients after carbachot stimulation 
In chapter 6 we have described that the permeability of the 
isolated rabbit pancreas for small non-electrolytes is markedly 
increased after addition of carbachol or pancreozymin. 
The largest effect is obtained for sucrose, where the 
permeability increases by a factor 5.4 after addition of 10 M 
carbachol. This means that the reflection coefficient for 
sucrose should be lowered after addition of carbachol. We have, 
therefore, measured the decrease in the secretory flow rate 
-5 
caused by 100 mM sucrose in the presence of 10 M carbachol and 
compared that with the decrease caused by 100 mM sucrose alone. 
The observed ratio is o=0.99 (SE=0.01; n = 4 ) , which would suggest 
that there is almost no change in permeability. When repeating 
the experiment with 25 mM instead of 100 mM sucrose, we find 
a ratio of 0=0.85 (SE=0.05; n = 5 ) . This value, which is 
significantly less than 1, suggests that a change in permeability 
is induced by carbachol. 
To investigate if there is really no increase in permeability 
when 10 M carbachol is added in the presence of 100 mM sucrose 
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i n the b a t h i n g medium, we have c a r r i e d out an e x p e r i m e n t i n 
14 14 
which at t=0 2 mM C - s u c r o s e , at t=45 min 98 mM C-sucrose 
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and a t t=120 min 10 M c a r b a c h o l are added t o the b a t h i n g medium. 
Upon a d d i t i o n of c a r b a c h o l the r a t e o f f l u i d s e c r e t i o n decreases 
and reaches s t a b l e va lues 10-15 min a f t e r a d d i t i o n . T h i s r a t e 
i s 23 (SE=12; n=4) % lower than b e f o r e a d d i t i o n . I t a l s o appears 
t h a t the sucrose c o n c e n t r a t i o n i n the s e c r e t e d f l u i d i n c r e a s e s 
upon a d d i t i o n of c a r b a c h o l , r e a c h i n g an e q u i l i b r i u m l e v e l a f t e r 
30 m i n . The c o n c e n t r a t i o n i n the f l u i d i s i n c r e a s e d by a f a c t o r 
3.7 (SE=0.9; n=4) r e l a t i v e t o the c o n c e n t r a t i o n b e f o r e a d d i t i o n 
of c a r b a c h o l . 
9.3.3 Apparent refleczion coefficients for eleetrclytes 
Tabi e 9.4 R e f l e c t i o n c o e f f i c i e n t s o f some common s a l t s f o r 
r a b b i t p a n c r e a t i c t i s s u e 
compound 
NaCl 
KCl 
Choline-
NaHC03 
CI 
reflection coefficient 
0.50 + 0.06 
0.51 + 0.05 
1.02 + 0.03 
0.52 + 0.02 
η 
7 
6 
5 
4 
Values are g i v e n w i t h SE and the number o f d e t e r m i n a t i o n s ( n ) . 
The a p p a r e n t r e f l e c t i o n c o e f f i c i e n t s f o r a number o f 
e l e c t r o l y t e s have been d e t e r m i n e d i n a s i m i l a r way. They are 
added i n c o n c e n t r a t i o n s i s o t o n i c t o 100 mM s u c r o s e . The r a t i o 
of the decreases i n f l u i d s e c r e t i o n r a t e caused by the 
e l e c t r o l y t e and sucrose are d e t e r m i n e d . Table 9.4 shows t h a t the 
a p p a r e n t r e f l e c t i o n c o e f f i c i e n t s f o r NaCl ( 0 . 5 0 ) and KCl ( 0 . 5 1 ) 
are a p p r o x i m a t e l y e q u a l . In agreement w i t h t h e f a c t t h a t the 
p a n c r e a t i c e p i t h e l i u m i s l e s s permeable f o r c h o l i n e than f o r 
Na and К ( c h a p t e r 3 ) , t h e r e f l e c t i o n c o e f f i c i e n t f o r c h o l i n e 
c h l o r i d e ( 1 . 0 2 ) i s much h i g h e r than t h a t f o r NaCl and KCl. The 
a p p a r e n t r e f l e c t i o n c o e f f i c i e n t f o r NaHCO, ( 0 . 5 2 ) i s about equal 
t o t h a t f o r NaCl and KCl. 
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9.4 Discussion 
The data presented in this chapter show that the reflection 
coefficient is as good a measure for the permeability of the 
rabbit pancreas as the tracer method (table 9.1). The reflection 
coefficient, measured by comparing the reduction in flow rate 
induced by the test substance with that induced by an isosmotic 
concentration of sucrose, increases for non-electrolytes with 
the molecular weight. Only the pentoses arabi nose and xylose 
(molecular weights 150) are less permeable than the hexitols 
sorbitol and mannitol (molecular weights 182). Possibly the 
shape of the pentoses (or their hydrated forms) makes penetration 
through the pancreatic tissue more difficult than for the 
hexitols. 
In addition, the results indicate that the isolated rabbit 
pancreas is generally more permeable than the isolated perfused 
cat pancreas (Table 9.2). This permeability difference is 
probably primarily due to the species difference. However, 
differences in the type of preparation may also play a role. 
First, the cat pancreas is perfused artificially through the 
vascular system beginning at the aorta (Case et al., 1968), while 
in the case of the isolated rabbit pancreas there is a direct 
diffusion process from medium to cell. Secondly, the isolated 
rabbit pancreas has a high basal rate of fluid secretion which 
can hardly be further increased by application of secretin 
(Rothman and Brooks, 1965; Ridderstap, 1969. ; Swanson and 
Solomon, 1975; Galey and Caflisch, 1977), while the isolated 
perfused cat pancreas has an extremely low basal rate of fluid 
secretion, which strongly responds to secretin (Case et al., 
1968). 
It also appears that in compensation for the osmotic load 
of the added non-electrolyte the electrolyte concentrations in 
the secreted fluid increase. In the case of sucrose, the rather 
impermeable substance used as reference substance, the Na and 
К concentrations in the secreted fluid increase in the same 
manner. This supports our conclusion in chapter 3 that these mono­
valent cations move passively to the secreted fluid. This 
phenomenon is also observed in the case of the isolated cat 
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pancreas (Dewhurst et al., 1 9 7 8 ) . 
In chapter 6 it is shown that addition of 10" M carbachol 
to the bathing medium leads to a marked increase in the 
permeability for sucrose, as measured by the tracer method. In 
- 5 the presence of 10 M carbachol there is no marked decrease of 
the apparent reflection coefficient, when the standard 
concentration of 100 mM sucrose is used. However, with the 
tracer method an increase in sucrose permeability is observed 
(section 9 . 3 . 2 ) . With 25 mM sucrose, though, carbachol induces 
a 15% decrease in the reflection coefficient. It may well be 
that the the latter method is not sensitive enough to detect 
small changes in the reflection coefficient, when there 
is already a large reduction in flow. With 25 mM sucrose a 
much smaller decrease in flow rate occurs, and here a 15% decrease 
in reflection coefficient is found upon addition of carbachol. 
This decrease is of the same order as the percentage sucrose 
appearing in the secreted fluid in the steady state after 
addition of 10 M carbachol (19 + 3.3%; n=4, see chapter 6 ) . 
Table 9.1 shows that such a comparison can be made. It is shown 
here that both methods can be compared quantitatively, when the 
results are expressed in a similar way. 
Finally, we have also tested whether various salts have an 
effect on the flow rate, so that their apparent reflection co­
efficient can be measured. The apparent reflection co­
efficients for NaCl and KCl are not significantly different, 
suggesting that Na and К ions are equally permeable, which 
conclusion has also been reached in chapter 3. The reflection 
coefficient for choline chloride is much higher than that for 
NaCl or KCl, which is in agreement with the previously observed 
fact that choline ions are less permeable than the monovalent 
cations (chapter 3 ) . From table 3.1 one would expect that the 
reflection coefficient for choline chloride would be somewhat 
lower than that for sucrose, which is not the case (table 9 . 4 ) . 
This may be due to the inaccuracy of the reflection coefficient 
method when σ nears a value of 1, as suggested above. The 
apparent reflection coefficent for NaHCOo suggests, that the 
permeability for HCOZ ions is equal to that for Cl". A lower 
value would be expected from the higher HCOZ concentration in the 
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secreted fluid. However, HCO3 ions are transported actively in 
the pancreas and it could also be that the observed permeability 
reflects the situation in the acinar region of the pancreas, where 
such a difference might exist. 
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CHAPTER 10 GENERAL DISCUSSION 
10.1 Mechanism of fluid secretion 
In the previous nine chapters we have described our 
investigations aimed at obtaining more insight in the mechanism 
of pancreatic fluid secretion. Many details of this mechanism 
were still obscure, but we hope that our results may have at least 
eliminated some discrepancies and doubtful hypotheses concerning 
this mechanism. Although we cannot pretend to have developed a 
definite model for the fluid secretion, our findings about some 
of its properties may have contributed to a more clearer view. 
This allowed us to present a tentative model for pancreatic fluid 
secretion in chapter 4, which incorporates two crucial aspects: 
a. passive sodium and potassium secretion via the paracellular 
pathway and b. active chloride and bicarbonate secretion by 
the acinar and ductular cells of the pancreas, respectively. 
Up till now at least two different models have been proposed, 
both of which assign to the Na -K +-ATPase system a central role 
in pancreatic fluid secretion (Ridderstap and Bonting, 1969^; 
Swanson and Solomon, 1975). This is because inhibition of this 
enzyme system by ouabain leads to parallel inhibition of 
pancreatic fluid secretion (Ridderstap and Bonting, 1969^; Case 
and Scratcherd, 1974; Swanson and Solomon, 1975). In the earlier 
model a direct involvement of the Na +-K +-ATPase system in fluid 
secretion was postulated, viz. by active extrusion of Na+-ions 
across the apical membrane (Ridderstap and Bonting, 1969^,)· This 
model now seems to be unlikely for two reasons: a. Na +-K +-ATP-
ase seems to be mainly located on the basolateral membrane, rather 
than on the apical membrane (this has been shown for a variety 
of epithelial cells, including the pancreatic tissue (J.H. 
Poulsen, personal communication)) and b. in chapter 3 (confirmed 
in chapter 9) it appears that sodium and potassium ions enter the 
pancreatic fluid of the rabbit pancreas passively through the 
paracellular route. Hence, although the Na -K -ATPase plays a 
crucial role in fluid secretion, other systems must be involved. 
Other investigators have found that replacement of bicarbonate 
in the perfusion or bathing medium by another proton donor, like 
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acetate,does not abolish fluid secretion (Schulz et al., 1 9 7 1
а > ь
; 
Swanson and Solomon, 1975; Case et al., 1 9 7 9 ) . This finding and 
the high bicarbonate concentration in the secreted fluid 
relative to its concentration in the external medium suggests 
that a proton donor is required for fluid secretion and that in 
addition bicarbonate is actively secreted. Therefore, Swanson and 
Solomon (1972) have suggested the existence of a Na /H exchange-
pump, which fits the model presented in chapter 4: bicarbonate 
leaves the cell at the apical side, while the other ion of the 
carbonic acid, the H -ion leaves the cell at the serosal side 
through the suggested Na /H exchange-pump. The N a + - K -ATPase 
in this model, would have a key function in the maintenance of 
a Na -ion gradient across the basolateral membrane. 
With the model proposed in chapter 4 we can explain active 
bicarbonate secretion along with an indirect role of the Na -
К -ATPase system. The situation is, however, more complex 
because of the existence of a second type of fluid secretion 
by the acinar cells (Petersen and Ueda, 1 9 7 7 ) . The chloride 
content of the fluid in the acinar lumen is higher than that 
in the final pancreatic fluid (Lightwood and Reber, 1 9 7 7 ) , the 
bicarbonate/chloride ratio of the pancreatic fluid increases with 
increasing secretion rates, and the bicarbonate level at 
maximal secretion rate is species dependent (145 mM for cat, 
80 mM for rat and r a b b i t ) . These findings indicate the existence 
of an additional transport system in the acinar cells. We 
have postulated a Na /Cl~-symport system in the basolateral 
membrane of the acinar cell, which is driven again by the N a + -
K -ATPase system. There may be even more transport systems in 
the pancreatic cells, but we have confined ourselves to the 
ones, for which there is some evidence. 
10.2 Permeability of the paracellular pathway in the resting 
state 
It appears that the paracellular pathway is fully permeable 
for sodium and potassium ions in the resting state. In chapter 
5 we have shown that free calcium and magnesium ions appear 
in the secreting fluid by way of this paracellular pathway. 
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In t h i s case the r e s t i n g p e r m e a b i l i t y i s l i m i t e d and i s 
de te rmined by the hyd ra ted ion r a d i u s . In a d d i t i o n to these 
e l e c t r o l y t e s we show i n chap te r 6 t h a t n o n - e l e c t r o l y t e s move from 
the b l o o d - s i d e t o the lumen p redom inan t l y by means of the para-
c e l l u l a r r o u t e . For s u c r o s e , i n u l i n and m a n m t o l we have proved 
t h i s by measur ing the e x t r a c e l l u l a r space. We expect t h a t 
s m a l l e r n o n - e l e c t r o l y t e s , v i z . u r e a , g l y c e r o l , e r y t h r i t o l , w i l l 
a l so ma in ly use the p a r a c e l l u l a r pathway, bu t we have no d i r e c t 
ev idence to suppo r t t h i s . The p e r m e a b i l i t y o f the n o n - e l e c t r o l y t e s 
i s r e l a t e d to t h e i r mo lecu la r s i z e ( chap te r s 6 and 9 ) , except 
t h a t s o r b i t o l and m a n m t o l are more permeable than xy lose and 
a r a b i n o s e , and ca l c ium i s more permeable than magnesium. This 
can p o s s i b l y be e x p l a i n e d by assuming t h a t the hyd ra ted form 
o f the magnesium i o n , which i s l a r g e r than t h a t o f c a l c i u m , i s 
t r a n s p o r t e d . The same may be t r u e f o r the sugars xy lose and 
a rab i nose. 
This leads to the q u e s t i o n : what determines the basal 
p e r m e a b i l i t y 7 Three components o f the p a r a c e l l u l a r pathway can 
be d i s t i n g u i s h e d - the l a t e r a l i n t e r s t i t i a l space , the j u n c t i o n a l 
complex and the m i c r o f i l a m e n t s which e x i s t i n the ad j acen t 
c e l l s and which converge on the j u n c t i o n a l complex s u r r o u n d i n g 
the c e l l . We have used severa l subs tances , which do not a f f e c t 
f l u i d s e c r e t i o n , i n s t u d y i n g the basal p e r m e a b i l i t y . 2 , 4 , 6 -
T r i a m i n o p y r i m i di ne , a b l o c k e r o f the c a t i o n channel i n the 
j u n c t i o n a l complex (Moreno, 1974 ) , does not a f f e c t the basal 
p e r m e a b i l i t y . N e i t h e r does c y t o c h a l a s i n B, a substance which 
d i s r u p t s m i c r o f i l a m e n t s , have any e f f e c t on the basal 
p e r m e a b i l i t y , except at h i ghe r c o n c e n t r a t i o n s , when i t s l i g h t l y 
i nc reases the p e r m e a b i l i t y (Table 8 . 2 ) . A c a l c i u m - and magnesium-
f r e e i n c u b a t i o n medium, supplemented w i t h 10" M EGTA, inc reases 
the basal p e r m e a b i l i t y , p robab ly by d i sassemb l i ng the components 
o f the j u n c t i o n a l complex (Me ldo les i e t a l . 1978). Th is tends 
to c o n f i r m the sugges t i on t h a t the t i g h t j u n c t i o n s are the main 
b a r r i e r d e t e r m i n i n g the t r a n s e p i t h e l i al p e r m e a b i l i t y . 
Beside the substances used above, t h e r e i s a number o f drugs 
which a f f e c t f l u i d s e c r e t i o n w i t h o u t i n f l u e n c i n g p e r m e a b i l i t y . 
E.g. c l a n o b u t i n e decreases the r a t e o f f l u i d s e c r e t i o n , s l i g h t l y 
i nc reases the p r o t e i n s e c r e t i o n , but does not i nc rease the 
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permeability. The mechanism by which it inhibits the fluid 
secretion is obscure. 
10.3 Stimulation of the permeability of the paracellular 
pathway 
We have demonstrated that the permeability of substances which 
cross the pancreatic epithelium is dependent on their molecular 
size. In chapter 6 we have observed that the permeability can 
be enhanced by stimulants of the enzyme secretion. Pancreozymin 
and carbachol cause an increase of the permeability, which is 
dose-dependent. Some findings reported in chapter 6 suggest 
that the protein secretion and the parallel increase in 
permeability are two different processes which are not 
directly related. Atropine, added 5 min or more after carbachol 
stimulation, blocks the increase in permeability, while the 
enzyme secretion is normally stimulated. Likewise TAP, added 
to the bathing medium in a concentration down to 0.55 mM does 
not affect protein secretion but inhibits the increase in 
permeability. Remarkably, this is only observed with carbachol 
as stimulant and not with pancreozymin. This confirms the 
conclusion from chapter 6, but with the added suggestion, that 
different receptors are involved in the processes of enzyme 
secretion and of permeability increase. 
The increase in epithelial permeability by secretory 
stimulants is not restricted to the pancreas. In rat parotid 
gland ductal injection of horseradish peroxidase at low pressure 
leads to penetration of the acinar junctional complex only 
after stimulation of the gland by isoproterenol (Oliver and Hand, 
1 9 7 8 ) . After arterial injection of horseradish peroxidase in 
adrenal in-treated rabbit submandibular gland, peroxidase is 
observed in the acinar lumen (Parsons et al., 1977). In addition 
Linzell and Peaker (1973) and Peaker and Taylor (1975) have 
suggested that the tight junctions open up during the onset of 
lactation in goat and rabbit mammary gland. Simani et al. (1974) 
have shown that cigarette smoke increases the permeability of 
the junctional complexes of the respiratory epithelium to 
horseradish peroxidase. 
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Another question which raises is: what is the physiological 
role of this increase in permeability? Restricting ourselves to 
the pancreas, it is clear that the increase in permeability is 
not useful for the movement of the monovalent cations, since 
their permeability is already maximal in the resting state. 
However, the increased permeability of the divalent cations 
could be useful. The secreted proteins, once they have been 
released from the zymogen granules into the secretory fluid, 
may need additional divalent cations for their activity. Calcium 
is needed for maintaining the molecular integrity of several 
digestive enzymes. Another benefit of the permeability increase 
could be that it favours the transport from blood to secretory 
fluid of small molecules, which could play a role in the gastro-
intestinal tract. Further studies of the physiological role of 
the permeability increase of the paracellular pathway are 
obviously needed. 
10.4 Unsolved problems 
In addition to the question of the physiological significance, 
other unsolved questions remain. One of these is the localization 
of the paracellular pathway. It has been reported that the 
tight junctions between the acinar cells of the pancreas and 
parotid gland of the rat are altered after ligation of the 
duct (Metz et al., 1978) or after stimulation with isoproterenol 
(Oliver and Hand, 1 9 7 8 ) . There is no information about the 
ductular cells in these reports. This means that we can neither 
from our experiments nor from other published data conclude 
with certainty that the paracellular pathway in the pancreas is 
located between acinar or ductular cells or both. 
The heterogeneity of the pancreatic tissue always complicates 
studies of the fluid secretion. Fluid secretion by the ductular 
cells cannot directly be separated from that by the acinar cells. 
Some years ago, F'dlsch and Creutzfeldt (1977) described a model, 
which may offer a possibility to do this. They fed rats a special 
copper-free diet, which results in the destruction of the acinar 
cells, while the ductular cells remain unchanged. This procedure 
may offer a possibility to determine the contribution of each 
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cell type to the fluid secretion. 
The role of secretin in the fluid secretion also remains 
unclear. This hormone is thought to serve only as a regulator 
of fluid secretion. Now there is evidence that also pancreozymin 
can elicit fluid secretion, but not in all species, e.g. not in 
the cat. This raises the question whether this is an evolutionary 
matter. In carnivorous species pancreozymin hardly stimulates 
fluid secretion, while in herbivorous species a distinct 
electrolyte secretion is observed after stimulation with 
pancreozymin. Secretin stimulates fluid secretion in both types 
of species (Case, 1 9 7 8 b ) . 
In order to test the model presented in chapter 4, knowledge 
of the exact ion concentrations is required. This is very 
difficult, because in the pancreas the transepithelial fluxes 
are difficult to measure. This greatly limits the methods, which 
can be applied to study pancreatiс fluid secretion. Knowledge 
of the transmembrane potentials in ductular cells would be 
useful in this respect, but no determinations have been 
carried out. 
The role of chloride ions in pancreatic fluid secretion is 
also unclear. When chloride in the external medium is replaced 
by isethionate, a 60-70% decrease in fluid secretion is 
observed in the cat (Case et al., 1979) as well as in the 
rabbit (chapter 4 ) . For the cat this is rather high, when we 
assume that only ductular cells secrete fluid in this species. 
Therefore Case et al. (1979) suggest an additional Cl"/HC0" 
carrier located in the basolateral and/or apical membrane of the 
cells which is involved in the fluid secretion process. This 
carrier is different from the C l " / H C 0 3 carrier, located in 
the main duct and other non-secreting parts of the pancreas. 
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SUMMARY 
Many details of the mechanism of pancreatic fluid secretion 
are still obscure. The fluid secretion originates from two types 
of cells: the acinar cells and the ductular cells. The purpose 
of this investigation was to increase our insight in the 
mechanism of pancreatic fluid secretion and particularly to 
study the role of the paracellular pathway in this mechanism. 
In chapter 1 we have reviewed our current knowledge of the 
exocrine pancreas under three headings: 1) structure and 
morphology of the exocrine pancreas; 2) pancreatic enzyme 
secretion: regulation and stimulus-secretion coupling; 3) 
pancreatic fluid secretion: regulation, electrolyte composition 
of the secreted fluid, electrolyte requirements for fluid 
secretion, mechanism of fluid secretion and stimulus-secretion 
coupling. 
After a description in chapter 2 of the materials and 
methods used during our study, we detail in chapter 3 the 
effects of the sodium chloride concentration in the bathing 
medium on the fluid secretion by the isolated rabbit pancreas. 
Sodium chloride is isosmotically replaced by sucrose, choline 
chloride and potassium chloride. It appears that the decrease of 
the fluid secretion rate depends on the amount of sodium 
chloride replaced. In addition the decrease depends on the 
permeability of the subs tituents. The secreted fluid is always 
isosmotic with the bathing medium. The potassium concentration 
in the secreted fluid increases depending on the amount of 
sodium chloride replaced by sucrose or choline chloride. The 
sodium concentration of the secreted fluid is hardly changed 
when sucrose serves as the substituent, but decreases when 
choline chloride is added to the bathing medium. It appears 
that the ratio of [ Na +]
 s/ [ Na +] b and [ K + ] s / l K + ] b is about 1 and 
so we conclude that both sodium and potassium ions are secreted 
passively in the secreted fluid via the paracellular pathway. 
This is confirmed in chapter 9 and by the observation that the 
monovalent cation concentrations of the fluid are equal to 
those of the bathing medium, when external sodium chloride is re-
placed by potassium chloride. 
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Chapter 4 describes the effects of external pH variations and 
of furosemide on pancreatic fluid secretion. Furosemide is a 
potent diuretic which appears to inhibit a Na /CI symport 
carrier. From the results described in this and the previous 
chapter a model for the pancreatic fluid secretion is developed. 
This model is characterized by: 
1. active CI"-transport by the acinar cells and active HCO,-
transport by the ductular cells play a primary role in fluid 
secretion ; 
2. Na + and К appear passive in the secreted fluid via the 
paracellular pathway; 
3. Na -K +-ATPase plays a crucial role in the fluid secretion 
process. 
The determination of the permeability of the divalent cations 
calcium and magnesium is described in chapter 5. Two methods are 
compared: the tracer method, directly measuring the free ion 
concentration in the secreted fluid, and the chemical method, 
where the total ion concentration in the fluid must be corrected 
for the protein-bound ions. The two methods yield nearly equal 
results. In addition, the permeability does not change when 
the concentrations of the two divalent cations in the bathing 
medium are varied. However, the transepithelial permeability of 
calcium and magnesium is dose-dependently increased by addition 
of carbachol or pancreozymin, stimulants of the protein secretion, 
to the bathing medium. 
Chapter 6 deals with the permeability of non-electrolytes. The 
permeability of these substances in the resting state of the 
pancreas is determined by their molecular size. Determinations 
of the extracellular space for the tested substances indicate 
that mannitol, sucrose and inulin cross the pancreatic epithelium 
by means of the paracellular pathway. The smaller non-electrolytes 
(urea, glycerol, erythritol) are able to penetrate the cells and 
may thus only partly follow the paracellular pathway. Carbachol 
and pancreozymin also increase the transepithelial permeability 
for the larger non-electrolytes in dose-dependent fashion. 
Experiments with atropine suggest that both processes, enzyme 
secretion and permeability increase, are not coupled and involve 
interaction of the stimulants with different receptors. 
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Chapter 7 confirms this last suggestion. 2,4 ,6-Triamino-
pyrimidine, added to the bathing medium (0.55 mM) inhibits the 
increase in permeability after stimulation with carbachol , 
without influencing the protein and fluid secretion. When 
pancreozymin is added in the presence of 2,4 ,6-tri ami пору rimi dine 
no inhibition of the permeability increase is observed. 
In chapter 8 we have tried to characterize some properties of 
the paracellular pathway. A Ca-Mg-free incubation medium increases 
the basal permeability. Cytochalasin B, a substance which influ­
ences the structure of the microfilaments, increases the basal 
permeability in high concentrations. Joint addition of cytochalasin 
В and carbachol or pancreozymin to the bathing medium results in 
a strong inhibition of fluid secretion. Clanobutine, clinically 
used to improve radionuclide imaging in the human pancreas, 
stimulates protein secretion, inhibits the secretory fluid rate 
and does not influence the permeability. We conclude that the 
junctional complex, the integrity of which is affected in a Ca-
Mg-free medium, is the main barrier in the paracellular pathway. 
Another method to determine the permeability of a substance, 
the reflection coefficient method, is described in chapter 9. 
There appears to be an excellent correlation between the results 
of this method and those of the tracer method. The reflection 
coefficient method is particularly useful for the determination 
of the permeability of electrolytes. 
In the concluding chapter 10 we discuss the results of the 
previous chapters. We state that the paracellular pathway plays 
an important role in pancreatic fluid secretion. However, in order 
to fully understand the mechanism of fluid secretion, it is 
necessary to distinguish the contributions of the ductular and 
the acinar cells. Based on our own observations and those of 
other investigators, we have postulated an active CI - secretion, 
but the exact role of the chloride ion in fluid secretion is 
still unclear. To the unsolved problems belong the role of 
secretin in fluid secretion and also the physiological 
significance of the increase in permeability of the oaracellular 
pathway by stimulants of the enzyme secretion. 
We make some suggestions for further experiments, which are 
needed to provide answers to these questions. 
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Over het mechanisme van de water-en electrolytsecretie in de 
exocriene pancreas is nog betrekkelijk weinig bekend. Deze 
secretie vindt plaats zowel vanuit de acineuze als de ductulaire 
cellen. Doel van het onderzoek was het mechanisme van de e-
lectrolytsecretie en de daarmee gekoppelde vloeistofsecretie te 
onderzoeken en in het bijzonder na te gaan welke rol de para-
cellulaire weg daarbij speelt. 
In hoofdstuk 1 hebben wij een overzicht gegeven omtrent de 
huidige kennis van de exocriene pancreas. Aan de orde komen 
achtereenvolgens: 1) de structuur en morfologie van de pancreas; 
2) de enzymsecretie: de regulatie en stimulus-secretie koppeling; 
3) de vloeistofsecretie: regulatie, electrolyt-inhoud van het 
secreet, invloed externe medium op de vloeistofsecretie, 
mechanisme vloeistofsecretie en stimulus -secretie koppeling. 
Hoofdstuk 2 geeft een opsomming van de gebruikte materialen 
en methoden, aangewend tijdens het onderzoek en hoofdstuk 3 
beschrijft in detail wat er gebeurt met de vloeistofsecretie 
als natrium chloride in het externe medium isotoon wordt ver-
vangen door sucrose, choline chloride en kalium chloride. 
Het blijkt, dat de hoeveelheid geproduceerd secreet vermindert 
naarmate er meer natrium chloride van het badmedium van de 
geïsoleerde konijnepancreas vervangen wordt. Tevens blijkt, dat 
deze verlaging van de vloeistofsecretie weer afhankelijk is van 
de permeabi 1 i teit van de genoemde substituenten. Onder alle 
omstandigheden wordt een secreet verkregen dat isotoon is met 
het externe medium. De kalium concentratie in het secreet stijgt 
naarmate er meer natrium chloride vervangen wordt door sucrose 
of choline chloride. De natrium concentratie in de gesecreteerde 
vloeistof verandert nauwelijks als sucrose als substituent 
gebruikt wordt, maar daalt als choline chloride aan het badmedium 
wordt toegevoegd. De ratio van [Na ] s/[Na ] ^ en [K ] S/[K ]. is 
ongeveer 1 en wij concluderen dan ook, dat natrium en kalium 
passief in het secreet verschijnen via de paracel 1 ui ai re route. 
Dit wordt bevestigd in hoofdstuk 9 en door het feit, dat als 
natrium chloride in het badmedium wordt vervangen door kalium 
chloride, de concentraties in het secreet van beide monovalente 
137 
cationen gelijk worden aan die van het badmedium. 
Hoofdstuk 4 beschrijft de effecten op de vloeistofsecretie 
van variaties in de externe pH en furosemide, een diureticum dat 
volgens de literatuur de Na /Cl symport carrier remt. De 
resultaten van dit hoofdstuk en van hoofdstuk 3 zijn vervolgens 
verwerkt in een model voor de vloeistofsecretie, dat als 
essentiële punten heeft: 
1. een actief Cl"-transport door de acineuze en een actief 
HCOZ-transport door de ductulaire cellen; 
2. een passieve kationen-secretie via de paracel 1 ui ai re route; 
3. een cruciale drijvende kracht voor de vloei s tofsecreti e door 
het N a + - K + - A T P a s e . 
De permeabi1 i teit van de divalente cationen calcium en 
magnesium wordt kwantitatief beschreven in hoofdstuk 5. Twee 
methoden worden met elkaar vergeleken. De tracer methode, waarmee 
direkt de vrije ion-concentraties in het secreet bepaald worden, 
geeft analoge waarden als de chemische methode (hierbij wordt 
van de totale ion-concentratie het eiwit-gebonden gedeelte af-
g e t r o k k e n ) . Tevens blijkt, dat de permeabi 1 i te it van de twee 
divalente cationen niet verandert als de concentratie in het 
badmedium verhoogd of verlaagd wordt. De permeabi1 i teit verandert 
echter wel als pancreozymine of carbachol (stimulantia van de 
eiwitsecretie) aan het badmedium worden toegevoegd. Deze ver-
andering in permeabi1 i teit blijkt afhankelijk te zijn van de 
toegediende dosis stimulans. 
In hoofdstuk 6 is de permeabi1 i teit van niet-electrolyten be-
schreven. De basale permeabi1 i teit is afhankelijk van de 
molecuul-grootte van de ni et-electrolyt. Door het bepalen van 
de extracellulaire ruimte wordt geconcludeerd, dat mannitol, 
sucrose en inuline via de paracel 1 ui ai re route in het secreet 
komen. Voor de kleinere ni et-electrolyten (ureum, glycerol, 
erythritol) kan dit niet met zekerheid gesteld worden. Eveneens 
blijkt, dat pancreozymine en carbachol de permeabi1 i teit van de 
minder permeabele stoffen dosis-afhankelijk verhoogt. Experimen-
ten met atropine suggereren, dat beide processen (enzymsecretie 
en permeabi1 i teits-toename) onafhankelijk, op receptor niveau 
ver!open. 
Dit laatste wordt bevestigd in hoofdstuk 7. 2,4,6-Triamino-
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pyrimi di ne, toegevoegd aan het badmedium in een concentratie van 
0.55 mM, heeft geen invloed op de vloeistof- of eiwitsecretie, 
maar remt de toename in permeabi 1 i tei t na stimulatie rret 
carbachol. 2,4,6-Triami пору ri mi di ne heeft geen invloed op de 
permeabi1 i teitstoename als pancreozymine als stimulans gebruikt 
wordt. 
In hoofdstuk 8 is geprobeerd de eigenschappen van de para-
cellulaire route nader te karakteriseren. Een calcium- en 
magnesiumvrij incubatiemedi um verhoogt de basale permeabi1 i tei t. 
Cytochalasi ne В, een stof die de structuur van de microfilamenten 
beïnvloedt, verhoogt alleen de basale permeabi 1 i teit bij hogere 
concentraties ( >1 ц д / ш і ) . Opvallend is de sterke remming van de 
vloeistofsecretie als zowel cytochalas i ne В als carbachol of 
pancreozymine in het badmedium aanwezig zijn. Clanobutine, een 
stof die in de kliniek wordt toegepast bij de scintografi e, 
stimuleert de eiwitsecretie, remt de vloei s tofsecretie , maar 
heeft geen invloed op de permeabi1 i teit. Wij concluderen dan 
ook, dat de tight junctions, waarvan de structuur beïnvloed 
wordt door een calcium- en magnes iumvrij medium, de belangrijkste 
barrière vormen in de paracel 1 ui ai re route. 
In hoofdstuk 9 wordt een tweede methode beschreven voor het 
bepalen van de permeabi1 i teit van een stof: de reflectie co-
efficient methode. Er blijkt een uitstekende correlatie te be-
staan met de tracer methode. Het lijkt dat deze methode ook toe-
pasbaar is voor het bepalen van de permeabi1 i teit van electrolyten. 
Tot slot worden in hoofdstuk 10 de resultaten van de voorgaande 
hoofdstukken nader doorgelicht. Geconcludeerd kan worden, dat de 
paracel 1 ui ai re route een belangrijke rol speelt in het vloeistof-
secretie proces. Echter, om het totale mechanisme op te helderen, 
zal het nodig zijn selectief de bijdrage in de vloeistofsecretie 
van óf de ductulaire óf de acineuze cellen uit te schakelen. 
Gesteund door de literatuur en eigen waarnemingen hebben wij een 
actieve chloride-secretie gepostuleerd, maar de exacte rol van 
het chloride is nog onduidelijk. Bij de opsomming van nog nader 
te onderzoeken problemen past ook die van de rol van secretine 
in de vloeistofsecretie en de fysiologische betekenis van de 
permeabi1 i teitstoename na stimulatie van de eiwitsecretie.Naast de 
door ons gedane suggesties, blijft nader onderzoek noodzakelijk. 
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CURRICULUM VITAE 
Jan W.C.M. Jansen , de au teur van d i t p r o e f s c h r i f t , is op 12 
a p r i l 1951 geboren te ' s -Her togenbosch en genoot daar l a g e r 
(1957-1963) en m idde lbaar (1963-1967: MULO-B; 1967-1970: HBS-B) 
o n d e r w i j s . H i j v e r t r o k in 1970 naar U t r e c h t om daar scheikunde 
te s tude ren aan de R i j k s u n i v e r s i t e i t . In december 1973 behaalde 
h i j he t kandidaatsexamen (S^) en i n mei 1976 het d o c t o r a a l -
examen met a l s h o o f d r i c h t i n g b iochemie ( P r o f . D r . L .L .M, van 
Deenen, Dr. R.A. Demel) en b i j v a k k e n t o x i c o l o g i e ( P r o f . D r . R.A.A. 
Maes, I r . J . F . C . S t a v e n u i t e r ) en medische enzymologie (Dr . G.E.J. 
S t a a l ) . Van 1 j u n i 1976 t o t en met 31 augustus 1979 was h i j a ls 
w e t e n s c h a p p e l i j k medewerker in d i e n s t van de Neder landse 
O r g a n i s a t i e voor Z u i v e r We tenschappe l i j k Onderzoek, v ia de 
S t i c h t i n g voor B i o f y s i c a , verbonden aan het Labo ra to r i um voor 
Biochemie van de K a t h o l i e k e U n i v e r s i t e i t N i jmegen. In deze 
pe r i ode voerde h i j het h i e r beschreven p romot ie -onderzoek u i t , 
l eve rde een b i j d r a g e i n het o n d e r w i j s aan medische en 
t andhee l kund ige s tuden ten en s l o o t daarnaast de cursus s t r a l i n g s -
hygiëne a f met het C-d ip loma. Sinds 1 september 1979 i s h i j a l s 
research medewerker werkzaam op de a f d e l i n g Farmaco log ie van 
P h i l i p s Duphar b . v . te Weesp. 
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STELLINGEN 
De vloeistof secretie in de pancreas kan niet worden toege-
schreven aan het passief volgen door water van een actief 
natrium transport van basale naar apicale zijde van de 
epitheliale cellen. 
Dit proefschrift: hoofdstuk 3. 
II 
Het is onwaarschijnlijk dat het diureticum furosemide de 
vloeistof secretie van de exocriene pancreas uitsluitend 
remt door interactie met een Na /Cl carrier. 
Dit proefschrift: hoofdstuk 4-. 
III 
Door gebruikmaking van het ionophoor A 23187 kan niet be-
wezen worden dat de toename in de transepitheliale permea-
biliteit en de eiwitsecretie onafhankelijke processen zijn. 
Dit proefschrift: hoofdstuk 8. 
IV 
Het is onwaarschijnlijk dat 2,k,6-triaminopyrimidine een 
specifiek sodium-channcl blokkeert in de tight junctions 
van de exocriene pancreas. 
Dit proefschrift: hoofdstuk 7. 
Het is onduidelijk volgens welk mechanisme clanobutine 
de vloeistofsecretie van de exocriene pancreas remt. 
Dit proefschrift: hoofdstuk 8. 
VI 
Het zure milieu dat gebruikt wordt bij de isolatie van 
gefosforyleerde intermediairen van het Nd -K -ATPase zou 
mogelijk een transfosforylering kunnen veroorzaken. 
Gewirtz, D.A., Sohn, 3. en Drodsky, W.A. (1979): Archs. 
Biochem. Diophys. 195, 336-346. 
VII 
Günther en Jamieson houden bij hun experimenten naar de 
correlatie tussen stijgingen in cyclisch GMP gehalte en 
enzymsecretie in de pancreas onvoldoende rekening met de 
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